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Chapter 1  
 
Introduction 
 
     Since the discovery of superconductivity in the compound LaO1-xFxFeAs with a 
critical temperature of Tc = 26 K [1], a vast number of studies has been reported for 
similar iron-based materials with layered crystal structures. These superconductors 
can be categorized into six different major classes according to their structural 
organization (see Chapter 2). Among these families, tetragonal β-FexSe (P4/nmm) 
with Tc = 8 K can be considered as the binary reference material with an archetypical 
structure pattern. [2] The phase diagram of the Fe-Se system has been summarized by 
Okamoto at the beginning of the 1990s. [3] According to the Fe–Se phase diagram, 
the homogeneity range of tetragonal β-FexSe extends from 49.0 to 49.4 at. % Se. [4] 
However, when bulk superconductivity was first found, the studied compositions 
were outside of this homogeneity range. [2, 5] The synthesis of β-FexSe in 
polycrystalline or single crystalline form proves to be very difficult because of the 
peritectoid formation at around 730 K. [4, 6] Therefore, most of the literature works 
report impurity phases such as elemental iron and hexagonal NiAs-type δ-Fe1-ySe [2, 
5, 7–12], and a recent study shows that Tc is critically dependent on the iron content. 
[13] Furthermore, a metastable stoichiometric ms-FeSe phase has been reported. [14] 
It has the same structure as β-FexSe but different lattice parameters. However, this 
novel phase is non-superconducting down to 1.8 K. Because of the discrepancies 
concerning composition and observed phases, a detailed systematic study of the Fe-Se 
system was necessary. In the first part of this work, the primary goals are the 
reinvestigation of the homogeneity range of superconducting β-FexSe, the growth of 
single crystals by chemical vapor transport (CVT) reaction and the investigation of 
the physical properties of single crystals. 
     The isotypic phase of the heavier homologue tellurium, Fe1+yTe, is non-
superconducting.  Tetragonal iron telluride occurs in a wider homogeneity range, 46–
48.5 at. % Te, and the peritectoid formation temperature has been reported to be 
around 1117 K for the iron-rich side. [15] Instead of superconductivity, tetragonal 
Fe1+yTe shows a complex interplay of magnetic and structural phase transitions in 
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dependence on the amount of iron. [16–18] Since the properties of Fe1+yTe are 
extremely sensitive to the value of y, the results of independent measurements diverge 
apparently. Therefore, the main aims of the second part of this study are to prepare a 
series of chemically well-characterized samples within the homogeneity range and to 
provide reference data for cross-comparing different reports on Fe1+yTe by conducting 
low-temperature synchrotron X-ray diffraction experiments as well as thermodynamic 
and physical property measurements.  
     The physical properties of Fe-chalcogenides display strong dependencies on 
composition and hydrostatic pressure. [19] For example, Fe1.01Se displays the largest 
pressure coefficient in the family of Fe-based superconductors, with Tc rising up to 37 
K under a pressure of 7–9 GPa. [20–22] So far, no superconductivity has been found 
in tetragonal Fe1+yTe under pressure, but the magnetic and resistive anomalies 
observed in a high-pressure study of FeTe0.92 by Okada et al. [23] suggest the 
presence of two pressure-induced phases at low temperatures. In the third part of this 
work, the structural phase transitions and the physical properties of Fe1+yTe are 
investigated at high-pressures and low temperatures in order to characterize the phases 
and to compare the effects of pressure and composition on Fe1+yTe. 
     With respect to anionic substitutions, replacement of tellurium with sulfur or 
selenium [18, 24–27] induces superconductivity in tetragonal Fe1+yTe. Although there 
is a large number of reports on the superconducting properties of tetragonal    
Fe1+yTe1-xSex, the homogeneity range of this phase has not been investigated. While 
anionic substitution has been found to be favorable for superconductivity, the 
influence of cationic substitutions on non-superconducting Fe1+yTe has not attracted 
much attention. In the last part of this work, there are two main goals. The first one is 
to prepare a series of polycrystalline Fe1+yTe1-xSex samples in order to understand the 
homogeneity range of the ternary phase. In addition to that, single crystal growth of 
tetragonal Fe1+yTe1-xSex by CVT is proposed. The second goal is to prepare 
polycrystalline tetragonal Fe(1+y)-xMxTe (M = Ni, Co) samples and investigate the 
effects of cationic substitutions (with relatively smaller atomic radii) on the magnetic 
and structural aspects of the phase transitions at low temperatures.  
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Scope 
 
     This thesis consists of 9 parts. Chapter 1 includes a brief introduction and 
motivation of this work followed by a literature review in Chapter 2. Preparation 
methods and experimental techniques are described in Chapter 3. The results are 
discussed in Chapters 4 to 7. Reinvestigation of the homogeneity range of β-FexSe, 
single crystal growth by chemical vapor transport reaction and physical properties of 
grown crystals are the main topics of Chapter 4. Syntheses, characterizations, physical 
properties and structural phase transitions of Fe1+yTe are discussed in Chapter 5. In 
Chapter 6, pressure induced structural phase transitions of Fe1+yTe are presented in the 
context of physical property measurements under pressure. Chapter 7 reports the 
anionic (Se) and cationic (Ni, Co) substitution studies on tetragonal Fe1+yTe. The 
results obtained within this work are summarized in Chapter 8. Finally, additional 
details are compiled in Chapter 9 (Appendix). 
  Chapter 2: Literature Overview  
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Chapter 2  
 
Literature Overview 
2.1 History of superconductivity 
     The superconductivity era starts with Kamerlingh Onnes after measuring the low 
temperature electrical properties of mercury in 1911 at Leiden University in the 
Netherlands. [28] Onnes and his coworkers discovered a sudden transition to zero 
electrical resistance in high-purity mercury on cooling at 4.2 K. This new state of 
mercury below the transition temperature was called superconductivity. The 
experiments were extended to different materials and superconductivity was observed 
in metals such as lead (Tc = 7.19 K) or tin (3.72 K), and in alloys like PbBi (7.9 K).  
     Since the discovery of this new state, great efforts have been devoted to the 
understanding how superconductivity works. In 1933, Meissner and Ochsenfeld 
discovered that the vanishing of the electrical resistance below critical temperature is 
not the only unusual property of the superconductors. An externally applied magnetic 
field can be expelled from the interior of superconductors except for a thin outer layer. 
This phenomenon has come to be known as the Meissner effect or ideal 
diamagnetism. [29] In 1935, the first phenomenological theory of superconductivity 
was developed by Fritz and Heinz London. According to the London theory of 
superconductor electrodynamics, the Meissner effect is a consequence of the 
minimization of the electromagnetic free energy carried by superconducting current. 
[30] The breakthrough in understanding the mechanism of phonon-driven 
superconductivity was finally proposed in 1957, by three physicists; John Bardeen, 
Leon Cooper and Robert Schrieffer. According to their proposal, which is known as 
BCS theory, [31] an electron moving in a positively charged lattice of atomic nuclei 
leaves behind a small wake. The distortion pulls in another electron and the two 
become what is known as a Cooper pair. Here, the interaction of the electrons is 
mediated by the “phonons”, the quantized vibrations of the crystal lattice. If many 
electron pairs form at very low temperatures, their quantum mechanical wave 
functions align drawing the pairs into a collective state known as a condensate. Once 
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there, they keep one another in check and they all flow together without interruption, 
creating superconductivity. 
     Prior to 1986, many other metals and metal alloys were found to be 
superconductors. However, the record critical temperature was 23.2 K in sputtered 
Nb3Ge films. [32–34] All these became known as low temperature superconductors 
(LTS). In 1986, a new era of superconductivity started when Bednorz and Müller 
discovered superconductivity in a lanthanum-based cuprate perovskite material, which 
has a transition temperature of 35 K. [35] One year later, YBa2Cu3O7 was reported 
with the critical temperature of 92 K. [36] Since 1995, the world record Tc of 138 K is 
held by a thallium-doped, mercuric-cuprate consisting of mercury, barium, calcium, 
copper and oxygen (Hg0.8Tl0.2Ba2Ca2Cu3O8+δ). [37] Cuprates (copper oxides) which 
can have a Tc higher than that of liquid nitrogen (77 K) were named as high-
temperature superconducting (HTS) materials. 
     The BCS theory was capable to explain superconductivity in metals and metallic 
alloys. Since many other cuprate superconductors have been discovered, it was 
realized that this theory falls short in understanding the mechanism of 
superconductivity in the HTS materials. Shortly after the discovery of HTS cuprates, 
P. W. Anderson came up with the first theoretical description of these materials, using 
the resonating-valence-bond theory. [38] Following, spin fluctuation theory [39] was 
proposed to explain how Cooper pairing is accomplished in the HTS cuprates. 
However, the precise mechanism of superconductivity in the cuprates is still not 
completely understood.  
     The monopoly of the cuprates in the physics of HTS compounds continued until 
2008. Hideo Hosono and his colleagues discovered a second class of high-temperature 
superconducting materials based on iron and pnictides (i.e., elements of the nitrogen 
group). [40] The first compound was lanthanum oxygen fluorine iron arsenide   
(LaO1-xFxFeAs), an oxypnictide that is a superconductor below 26 K. Replacing 
lanthanum with samarium leads to superconductivity below 55 K. [41] Generally 
these materials have lower critical temperature than most of the cuprates, but they 
have given theoretical studies a new area to understand the mechanisms of 
unconventional superconductivity. 
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2.2 Iron-based superconductors 
     The iron-based superconductors (initially called iron pnictides superconductors, 
before the chalcogen-based subfamily was found) reported so far can be categorized 
into six major classes. ReO1-xFxFeAs (Re = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Y, 
defined as 1111-type) [42–53] with Tc up to 55 K; oxygen-free doped MFe2As2 (M = 
Ba, Sr, Ca, Eu, 122-type) [54–56]; AFeAs (A = Li, Na, 111-type) [57–58]; FexSe1-yTey 
(11-type) [2, 24–25]; the newer families Sr2MO3FePn (M = Sc, V, Cr and Pn = P, As, 
21311-type) [59–62], and  A1-xFe2-ySe2 (A = K, Rb, Cs, Tl, defined as 122
*
-type) [63–
65] are the recognized members of Fe-based superconductors. The maximum critical 
temperatures at ambient pressure are about 38 K for 122-type, 18 K for 111-type, 14 
K for 11-type, 45 K for 21311-type, and 32 K for 122
*
-type. The iron-based 
superconductors all adopt tetragonal symmetry at room temperature and range from 
the simplest PbO-type structure to more complicated ones composed of various 
elements. The crystal structures of representatives of four families are shown in 
Figure 2.1. 
 
Figure 2.1: Crystal structures of iron-based superconductors: FeSe, LiFeAs and 
LaOFeAs with P4/nmm (No: 129) [1, 13, 66] and BaFe2As2 with I4/mmm (No: 139) 
space group. [67] Fe atoms are shown in red, and As or Se are indicated in dark 
yellow. Elements in the filler layers, Li, Ba, La and O are represented in yellow, blue, 
gray and green, respectively. LaOFeAs is shown in double unit cell in c–axis. The 
filler layers are shown without detail. 
FeSe LiFeAs BaFe2As2 LaFeAsO
11-type 111-type 122-type 1111-type
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     The key ingredient is a layer consisting of a square lattice of iron atoms with 
tetrahedral coordination of either arsenic or selenium anions that are arranged above 
and below the iron atoms to form a chequerboard pattern (see Figure 2.2). These 
layers, which are believed to be responsible for superconductivity, are either simply 
stacked together, as in β-FexSe, or are separated by filler layers along the c–axis 
serving as charge reservoir. These can contain any of the following elements: alkali 
metal (for example, Li); alkaline earth metal (for example, Ba); or rare-earth 
oxide/fluoride (for example, LaO of SrF). The two-dimensional nature of the 
superconducting units is similar to that of HTS cuprates. In the iron-based materials, 
the common FeX4 (X = As, Se) building block is considered a critical component for 
establishing superconductivity. The spatial organization of the tetrahedra is important 
for the electronic and magnetic properties of the systems. For instance, the X–Fe–X 
tetrahedral bond angle (shown as α in Figure 2.2a) seems to play a crucial role in 
optimizing the superconducting transition temperature. When α comes closer to the 
ideal value of 109.47° for the regular tetrahedron, the conditions become more 
favorable for superconductivity and elevated Tc. For example, SmO1-xFxFeAs system 
with α = 109.28° has the highest Tc = 56 K at ambient pressure among the Fe-based 
superconductors. [68–69] Apart from the bond angle, another alternative correlation 
between Tc and the distance (h) between the iron layer and the adjoining As or Se 
layer, which is known as anion height, have been suggested. After comparing several 
compounds from this family, no unique correlation was observed, although clustering 
of maximum Tcs is observed at a height of h ~ 1.38 Å. [68] 
2.3 The effects of chemical substitution and pressure on iron-based super-
conductors 
     In the case of 1111- and 122-type materials, the intrinsic parent materials do not 
exhibit superconductivity but become superconductors with relatively high Tc by 
doping. In all these systems the parent compounds have tetragonal symmetry at room 
temperature, but they transform into distorted variants at low temperatures. 
Furthermore, while these materials are paramagnetic, they become antiferromagnetic 
either simultaneously with structural transitions or at slightly lower temperatures. 
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Figure 2.2: (a) FeX4 (X = As, Se) tetrahedron unit (b) top view of the Fe–X layer. Fe 
and X are presented in red and dark yellow, respectively. α is the X–Fe–X tetrahedral 
bond angle and h is the distance between the iron layer and the X layer, known as 
anion height.   
 
For example, BaFe2As2 undergoes a structural and magnetic phase transition at 140 K 
(from I4/mmm to Fmmm), whereas in LaOFeAs structural phase transition occurs 
from a tetragonal to an orthorhombic at 155 K (from P4/nmm to Cmma) followed by a 
magnetic transition at 137 K.  [54, 70] However, doping of ReOFeAs compounds with 
fluorine (electrons) or BaFe2As2 with potassium (holes) or cobalt (electrons) for iron, 
etc., leads to the suppression of the transition from the tetragonal to the orthorhombic 
structure and the disappearance of antiferromagnetic long-range order with 
subsequent onset of the superconductivity. [72–73] A schematic phase diagram of 
122-type materials is shown in Figure 2.3 as an example for the doping effect on Fe-
based superconductors, which show a rich interplay of superconductivity and 
magnetism. For the 111- and 11-families the situation is different. The parent 
compounds, LiFeAs and β-FexSe, for example, are nonmagnetic and superconducting 
even without doping. LiFeAs shows neither a structural nor a magnetic phase 
transition at low temperatures whereas β-FexSe has a structural phase transition at 90 
K from tetragonal (P4/nmm) to orthorhombic (Cmma) structure. [25, 74] Substitution 
of selenium by tellurium in β-FexSe enhances the Tc up to 14 K. And the material, i.e., 
Fe1.03Se0.57Te0.43 undergoes a phase transition which is isostructural with β-FexSe. [75] 
On the other hand, the end member, Fe1+yTe, is non-superconducting and shows a 
complex interplay between magnetic and structural phase transitions with changing 
iron content. A transition to a commensurate antiferromagnetic phase at around TN = 
h
α
a) b)
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68 K is simultaneously accompanied by a first-order structural distortion to the 
monoclinic space group P21/m in Fe1.068Te. [17] In case of Fe1.141Te, the magnetic 
wave vector changes to an incommensurate value, and the crystal structure adopts a 
higher symmetry (orthorhombic space group Pmmn) at low temperatures. [16] 
 
 
Figure 2.3: Schematic phase diagram for the 122-type iron-based superconductors. 
Figure is redrawn from Ref. [71] 
 
     The effects of chemical substitution are often attributed to carrier doping or 
chemical pressure caused by the difference in the size of the atoms. Recently, it was 
found that even substitutions without changing the total electron count (isovalent 
doping) can induce superconductivity by replacing Fe with Ru in Ba(Fe1-xRux)2As2 
[76] or arsenic with phosphorous in BaFe2(As1-xPx)2 [77] and LaOFe(As1-xPx). [78] As 
there is no need to generate charge carriers in the parent compounds to emerge 
superconductivity, the effect of substitution can be linked by chemical pressure on the 
crystal structure. The later findings about the coincidence of the structural changes in 
Ba1-xKxFe2As2 with those in undoped BaFe2As2 under pressure encourage the idea of 
chemical pressure rather than charge carrier doping. [79] Effects of external pressure 
were investigated in several members of the 122-family. Superconductivity can 
emerge in the parent compounds, MFe2As2 (M = Ba, Sr), by applying external 
pressure. In BaFe2As2 superconductivity with Tc = 29 K appears at P = 3.5 GPa, and 
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in SrFe2As2 superconductivity appears at P = 2.8 GPa with Tc = 27 K. [80] An 
analogous effect is observed for CaFe2As2 in which superconductivity appears at 
relatively modest pressure. Like other group members, at ambient pressure, CaFe2As2 
undergoes a first-order transition from tetragonal to orthorhombic symmetry at 172 K 
connected with an antiferromagnetic transition. [81] Upon application of pressure, 
structural and antiferromagnetic phase transitions become suppressed and 
superconductivity is observed for P > 0.23 GPa with Tc = 12 K. [82–83] On the other 
hand, superconductivity can be enhanced with both doping and pressure. When an 
external pressure is applied to the doped member of the 1111-family, 
LaO0.89F0.11FeAs, the critical temperature increases to a maximum of 43 K at 4 GPa 
before it starts decreasing to 9 K at 30 GPa. [84] Similar effects of pressure on 
superconductivity have been observed in the phase diagram of other compounds from 
the same family, for example CeO0.88F0.12FeAs. [85] Application of external pressure 
on 111-type superconductors exhibits different behavior than previous examples. In 
this system, pressure has a tendency to lower the critical temperature and suppress 
superconductivity. For LiFeAs and LiFeP, Tc decreases monotonously with increasing 
pressure. For NaFeAs, Tc is enhanced slightly (~ 3 K) by pressure before a decrease in 
Tc was observed at higher pressure. [86] Moreover, in the 11-family, Tc of β-FexSe 
increases drastically up to 37 K upon the application of external pressure in the range 
of 7–9 GPa. Strikingly, the orthorhombic distortion disappears for this pressure range 
suggesting that the orthorhombic structure disfavor superconductivity. [20–22]   
     These two tuning parameters, chemical substitution and external pressure, play 
similar roles in inducing superconductivity by suppressing antiferromagnetism and 
tetragonal to orthorhombic structural transition. This results that crystal structure 
plays important role in producing superconductivity with higher Tc in Fe-based 
superconductors.  
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Chapter 3  
 
Preparation Methods and Experimental Techniques 
3.1 Synthesis 
     Since some of the starting materials and products are sensitive to air and moisture, 
sample handling and preparation was performed in glove boxes under inert 
atmosphere (Ar; O2 < 1 ppm, H2O < 1 ppm). 
3.1.1 Materials and chemicals used for synthesis 
     An overview of the chemicals used in this work is given at Table 3.1. Glassy 
carbon crucibles (Ø = 8–14 mm) with lids were used as container for solid state 
reactions. Crucibles were sealed in quartz tubes (Ø = 14–18 mm) under vacuum (see 
Figure 3.1a). For chemical vapor transport reactions, quartz ampoules (Ø = 20 mm, 
length 100 mm) were utilized as container. Iodine was sealed in quartz capillaries (Ø 
= 2 mm) under vacuum for chemical vapor transport reactions. All quartz containers 
were connected to vacuum line, heated with hydrogen flame and evacuated under 
vacuum before samples were loaded into them. 
3.1.2 Polycrystalline synthesis by solid state reaction 
     Polycrystalline samples were synthesized by solid state reaction of the starting 
materials in glassy carbon crucibles covered with lids. Mixtures of the target 
composition were placed in the glassy carbon crucibles with lid and sealed in quartz 
ampoules under vacuum (≤ 5 10
-4
 mbar). Sealed quartz ampoules were placed into 
muffle furnaces. (NABERTHERM
®
, Tmax = 1473 K) Different samples were prepared 
by different synthesis routes. For iron selenide synthesis, the procedure of an earlier 
study was optimized. [13] In order to ensure homogeneity, the raw product was 
ground, cold-pressed and annealed at 653 673 K for 2 5 days before being quenched 
in water to room temperature. For iron telluride and its substituted modifications, a 
typical temperature program is shown in Figure 3.1b. In order to obtain single phase 
materials, after grinding and cold-pressing, samples were annealed at different 
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temperatures (673–973 K) for several days. Mass loss after solid state reaction is 
generally less than 1 % of the total starting mass. 
 
Table 3.1: Sources and specifications of chemicals used for synthesis 
Chemicals State Company Purity (%) 
Fe Foil (1.0 mm thick) Alfa Aesar 99.995 
Se Granule (2–4 mm) Chempur 99.999 
Te Pieces Chempur 99.9999 
Co Powder (-22 mesh) Alfa Aesar 99.998 
Ni Powder (-120 mesh) Alfa Aesar 99.996 
AlCl3 Powder (ultra dry) Alfa Aesar 99.99 
I2 Crystals (resublimed) Chempur 99.999 
NH4I Granule Alfa Aesar 99.999 
 
 
Figure 3.1: (a) Left: glassy carbon crucible sealed in quartz tube, right: glassy carbon 
crucible with lid. (b) A typical temperature program for polycrystalline Fe1+yTe 
synthesis.   
 
3.1.3 Single crystal growth by chemical vapor transport 
     Single crystals were grown from polycrystalline material by chemical vapor 
transport using several transport additives. An evacuated, sealed quartz ampoule 
(diameter 20 mm, length 100 mm) was filled with a mixture of typically 1–2 g of 
source material and 10–20 mg of transport additive before being placed horizontally 
inside a two-zone resistance furnace. When iodine was used as transport additive, the 
desired amount was sealed in a quartz capillary instead of placing it directly into the 
quartz ampoule.  The temperatures of the two-zone furnace were adjusted from T2 = 
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673 K to T1 = 573 K for iron selenide single crystals, whereas for iron telluride and its 
substituted products higher temperatures were selected, T2 = 1073 K to T1 (T1 = 1048–
973 K). Experiments were carried out over 1 week to 1 year depending on the 
compound. Finally, the ampoule was quenched in water. The product was washed 
with ethanol several times to remove remaining condensed gas phases, dried under 
vacuum and then stored in argon-filled glove box.  
3.2 Characterization 
3.2.1 X-ray diffraction  
Powder X-ray diffraction 
     Powder X-ray diffraction (PXRD) measurements were performed with finely 
ground samples. The powder was spread on Vaseline-coated Polyimide (Kapton
®
, 
Chemplex) foils on a flat sample holder. Diffraction patterns of samples were 
collected with a Huber Image Plate Camera G670, equipped with a graphite 
monochromator using CoKα1 radiation (λ = 1.788965 Å) in transmission geometry 
(3.5° ≤ 2θ ≤ 100.5°, Δ2θ = 0.005°). CoKα1 radiation is used in order to minimize X-
ray fluorescence. All powder X-ray diffraction diagrams were analyzed with the 
STOE WinXPOW software. [87] The lattice parameters of samples were calculated 
by a least-squares refinement using the program package WinCSD. [88] TiO2 
(SRM674b, rutile, a = 4.59393(4) Å, c = 2.95887(3) Å) and LaB6 (SRM660a, a = 
4.15692(1) Å) were used as internal standards in the powder X-ray diffraction 
experiments. 
Single crystal X-ray diffraction 
     For single crystal X-ray diffraction measurements, crystals with sizes between 70
70 30 μm
3 
and 20 20 15 μm
3
 were collected and mounted on the tip of sharpened 
glass capillaries which were sealed inside bigger tubes with Ø = 0.2 mm. Single 
crystal diffraction data were collected on a Rigaku AFC7 diffractometer equipped 
with a Mercury CCD detector using Mo Kα (λ = 0.71075 Å) radiation. Absorption 
correction was performed with a multi-scan procedure. The SHELX-97 program, 
integrated in the WinGX software package, was used for structure refinements. [89] 
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Powder synchrotron X-ray diffraction 
     For in situ investigations at both high and low temperatures, samples were ground 
and sieved to particle sizes smaller than 32 μm. The powdered samples were sealed in 
thin-wall quartz capillaries (Ø = 0.3 mm) filled with argon to avoid oxidation. 
However, for low temperature measurements, the tip of the capillaries was cracked 
just before transferring the assembly into the measurement chamber in order to avoid 
Argon solidification at low temperatures. High temperature powder X-ray diffraction 
(HT-PXRD) data were collected on the high resolution powder diffraction beamline 
ID31 (equipped with nine Si 111 analyzer crystals and detectors, λ = 0.39491 Å) at 
the ESRF, Grenoble, using a hot-air blower (Cyberstar) adapted to the diffraction 
setup. The data were collected between 313 and 873 K in the angular range 1° ≤ 2θ ≤ 
38.00°, Δ2θ = 0.001°. Low temperature powder X-ray diffraction experiments (LT-
PXRD) were performed at the same beam line (λ = 0.43046 Å). Temperatures down 
to T = 10 K were realized utilizing special liquid He-flow cryostats (Janis, INC.) 
adapted to the requirements of the diffraction setup environment.  
     High-pressure powder synchrotron X-ray diffraction (HP-PXRD) experiments 
were conducted at beamline ID09A (λ = 0.415165 Å), ESRF, in an angle-dispersive 
mode. High pressures were generated by means of the diamond anvil cell technique. 
The samples (particle size < 20 μm) were placed in spark-eroded holes of preindented 
metal gaskets, together with small ruby spheres for pressure determination and liquid 
helium as a pressure-transmitting medium. In order to perform high pressure 
experiments at low temperatures, a liquid-He cooled cryostat (down to 10 K) was 
used. 
     Lattice parameters and Rietveld refinements of the crystal structures were 
performed on the basis of full diffraction profiles with JANA2006 and FullProf. [90–
91] In these least-squares procedures, the March-Dollase approach to depict the 
preferred orientation was complemented by models for describing anisotropic peak 
broadening. [92–93] 
Back-reflection Laue diffraction  
     In order to analyze the crystallographic orientation of the grown single crystals, 
back-reflection Laue diffraction measurements were performed with the Real-Time 
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Laue Camera System (Multi Wire Lab.) and the NorthStar 7 software was used for 
indexing Laue images. 
3.2.2 Metallographic investigations 
     The polycrystalline samples for energy-dispersive X-ray spectroscopy (EDXS) and 
wavelength-dispersive X-ray spectroscopy (WDXS) analyses were prepared by 
embedding specimens in two-component epoxy resin followed by grinding with 
silicon carbide papers of different grit sizes. The ground samples were polished in 
steps using a slurry of diamond powder with different grain sizes (9, 6, 3, 0.25 μm) in 
ethanol on polishing clothes (MD-Dur, Struers, satin woven acetate or natural silk). 
Flat-surfaced single crystals were directly placed on conductive carbon tapes fixed on 
the Al-sample holder. Microstructures were examined by optical microscopy (Zeiss 
AxioPlan 2) using bright field, dark field, polarized light and differential interference 
contrast (DIC). 
3.2.3 Electron microscopy 
Scanning electron microscopy and energy/wavelength dispersive analysis 
     Purity and composition of the samples were investigated by energy-dispersive X-
ray  spectroscopy (EDXS) using a Scanning Electron Microscope (SEM, Philips XL 
30, LaB6 cathode) with an integrated energy-dispersive spectrometer. Data handling 
and signal analysis were carried out by the software package EDAX Genesis. [94] 
Chemical compositions were determined by wavelength-dispersive X-ray 
spectroscopy (WDXS, CAMECA SX 100). In these WDXS measurements, elements 
and binary compounds with precisely determined compositions were used as 
standards.  
Transmission electron microscopy  
     Selected area electron diffraction (SAED) technique was used to examine crystal 
defects in single crystals. For the SAED investigations, focused-ion beam (FIB) thin 
cuts of the single crystal were prepared by means of a FEI Quanta 200 3D dual beam 
device. Conventional transmission electron microscopy (TEM) and selected area 
diffraction (SAED) were performed by a FEI TECHNAI 10 (100 kV) microscope, 
equipped with a 2k CCD camera (TemCam-F224HD, TVIPS). 
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3.2.4 ICP-OES, carbon and oxygen detection technique 
     Chemical analysis was done by the inductively-coupled plasma optical-emission 
spectroscopy (ICP-OES, Varian, VISTA RL) method to determine the composition of 
the products. About 5 mg of materials were dissolved in aqua regia (1:3, HNO3:HCl) 
and injected into the argon plasma chamber of the ICP-OES apparatus. This technique 
enables for multi-element analysis by detecting characteristic optical emission lines. 
Oxygen and carbon impurities were investigated by the hot-gas extraction (Leco 
CHLN-932) and the combustion method, respectively. Chemical analysis reveals that 
the samples contain less oxygen and carbon than the detection limit of 0.05 mass % 
and 0.06 mass %, respectively. 
3.2.5 Thermal analysis 
     Several thermal analysis methods were used for determination of decomposition 
temperatures and to optimize the annealing temperatures for polycrystalline materials 
and growth conditions for chemical vapor transport reactions. For DSC (differential 
scanning calorimetry) measurements (Netzsch DSC 404 C), about 30–40 mg of 
sample were sealed in quartz crucibles under vacuum, whereas for DTA/TG 
(differential thermal analysis/thermogravimetry, Netzsch STA 449 C) analyses 
aluminum oxide (Al2O3) crucibles with lid were preferred. All measurements were 
performed with various dynamic heat treatments by applying different heating and 
cooling rates from 2 K/min to 10 K/min.       
3.3 Physical property measurements 
3.3.1 Magnetic properties 
     The magnetic susceptibility χ(T) was obtained by means of a SQUID 
magnetometer (MPMS XL 7, Quantum Design) in magnetic fields of 2 mT–7 T 
within a temperature range from 1.8 K to 400 K. Samples were fixed inside a 
polyethylene straw whose contribution was subtracted from total susceptibilities as 
background. Isothermal magnetization loops, M(H), were measured at 300 K in fields 
from –1 to 1 T to estimate the amount of α-Fe in the samples. The saturation 
magnetization of α-Fe at 1 T and 300 K is 217.6 emu/g. [95] The magnetizations at –1 
T and 1 T were extrapolated and the magnetization intercepts were divided by 217.6 
emu/g. The mean of the absolute values gives a realistic estimate for the substance 
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amount fraction of α-Fe. Besides room temperature, isothermal magnetization curves 
were measured at several temperature points in fields between –5 to 5 T. 
3.3.2 Resistivity 
     The electrical resistivity ρ(T) measurements were carried out with Quantum 
Design physical property measurement system (PPMS) using the standard four-probe 
method from 2 K to 300 K in fields of 0–9 T. Polycrystalline materials were cut from 
the bulk in a parallelepiped shape with typical dimensions of 0.3 1 2 mm
3
 using a 
wire saw The gold wires with 0.1 mm diameter were contacted onto bar-shaped 
samples with silver paste. Magnetoresistivity measurements were performed on single 
crystals between 0–9 T in the temperature range from 5 K to 120 K while the applied 
field is parallel to the c–axis. Hall Effect measurements were conducted using the 
PPMS between 12 K and 150 K. The cryostat is equipped with a superconducting coil 
to generate a magnetic field from –9 to 9 T. Resistivity measurements under pressure 
were performed in piston-cylinder cells. In order to apply force, a hydraulic press is 
used. Silicon oil was utilized as pressure transmitting medium. Pressure was 
determined by using a lead monometer. 
3.3.3 Specific heat 
     Low-temperature specific heat Cp(T) measurements of samples were performed 
using a Quantum Design physical property measurement system (PPMS) with a heat-
pulse relaxation technique in the temperature range from 2 to 300 K under fields of up 
to 9 T. Crystalline pieces (mass ≤ 20 mg) with a flat surface were mounted on the 
platform at the center of the puck with Apiezon N grease in order to provide good 
thermal contact.  
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Chapter 4  
 
Iron Selenide: β-FexSe 
 
     The phase diagram of the binary system Fe–Se was investigated by several groups. 
[96–98] In 1991, Okamoto compiled all these phase diagrams and presented the latest 
version. [3] After the discovery of superconductivity in β-FexSe, obtaining single 
phase samples became an important problem. Previous studies reported that β-FexSe 
occurs in the presence of excess Fe in the system. However, there is an active debate 
regarding the true composition. Unfortunately, the reported results involve multi-
phase materials. The most recent studies showed that single phase samples can be 
produced only when the ratio of the starting materials is very close to 1:1. [13, 99–
100] Besides the ambiguous homogeneity range, the peritectoid formation of β-FexSe 
at around 730 K hampers the synthesis of samples without impurity phases, either in 
polycrystalline or single-crystalline form. In the first part of this chapter, the 
homogeneity range of β-FexSe is reinvestigated with polycrystalline samples. In the 
second part, single crystal growth by chemical vapor transport reaction is presented 
and in the following part the physical and magnetic properties of single crystals are 
reported. The involved phases are summarized in Table 4.1.  
 
Table 4.1: An overview of phases mentioned in the text 
Description Structure type Crystal system Space group 
β-FexSe
 
PbO tetragonal P4/nmm 
δ-Fe1-ySe NiAs hexagonal P63/mmc 
Fe7Se8 defect NiAs  trigonal
*
 P3121 
ms-FeSe PbO tetragonal P4/nmm 
  
*
 High temperature modification (3c-Fe7Se8) has hexagonal symmetry. [101]  
 
4.1 Reinvestigation of the homogeneity range of β-FexSe  
     Polycrystalline samples were prepared by solid state reaction of iron pieces (Alfa 
Aesar, 99,995 %) with selenium shots (Chempur, 99,999 %) in atomic ratios close to 
1:1 (typically Fe:Se between 0.98 and 1.02) as described in Chapter 3. Starting 
materials were heated up to 1023 K with a rate of 100 K/h and kept at this temperature 
for 5 days before increasing the temperature further up to 1384 K. The dwelling at 
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1384 K for 24 hours was followed by cooling to 653 K with a rate of 100 K/h and 
annealing for 5 days. Finally, samples were quenched in water at room temperature.  
After solid state reaction, samples were powdered and cold-pressed into pellets with a 
hydraulic press. Pellets were placed in glassy carbon crucible with lid and sealed in 
quartz ampoules under vacuum. Pellets were annealed at 653–673 K for 2 5 days to 
obtain homogeneous products. Figure 4.1 presents diffraction diagrams of samples 
before and after the annealing procedure. According to powder X-ray diffraction 
(PXRD) experiments, the prepared polycrystalline samples contain mainly tetragonal 
phase. Before annealing, both Fe7Se8 and NiAs-type δ-Fe1-ySe are indicated in the 
PXRD patterns together with unreacted iron as an impurity. Because of the close 
relation between the structures of these two, the main reflections of two hexagonal 
impurity phases overlap at the peak positions marked by ‘H’ (see Figure 4.1a). After 
annealing, δ-Fe1-ySe reflections disappear in the range from Fe1.02Se to Fe0.99Se. 
However, as shown in Figure 4.1b, unreacted iron is still observed in samples with 
higher Fe content while a surplus of Se induces the formation of Fe7Se8 represented 
by peaks labeled with ‘h’. According to the measurements, single phase β-FexSe can 
be synthesized at a molar ratio of 1:1 within experimental error. Figure 4.2 shows the 
unit cell parameters of β-FexSe for Fe:Se ratios between 0.98 and 1.02 for two 
different series, which were prepared independently at the same conditions in order to 
guarantee reproducibility of the findings. Lattice parameters were determined with 
TiO2 (rutile) as internal standard. The differences of the a–axis are negligible whereas 
the length of the c–axis increases pronouncedly with Fe content. The analysis of the 
lattice parameters narrows the homogeneity range of β-FexSe to 1.000(5) ≤ x < 
1.010(5), which is in agreement with recent reports. [13, 99] 
     Figure 4.3 shows the synchrotron PXRD pattern of single phase sample with 
nominal composition β-Fe1.00Se at room temperature. The structural model was 
refined in space group P4/nmmz (origin choice 2) with the iron and selenium atoms, 
Fe and Se, located on the fully occupied sites 2a and 2c, respectively. The lattice 
parameters of the tetragonal unit cell, which are determined from the synchrotron 
PXRD, are a = 3.7731(1) Å and c = 5.5253(1) Å.  These values are in good agreement 
with the published results for β-Fe1.01Se (a = 3.7734(1) Å, c = 5.5258(1) Å). [13] The 
composition of the investigated sample is determined as “Fe1.006(3)Se” using Rietveld 
refinements which are in conformity with our findings on the basis of PXRD and 
  Chapter 4: Iron Selenide: β-FexSe 
 _____________________________________________________________________  
23 
 
lattice parameters. The details of the refinement are given in Table 9.1 (see 
Appendix). 
  
 
Figure 4.1: Powder X-ray diffraction diagrams of samples with nominal ratios Fe:Se 
between 0.98 and 1.02 (a) before and (b) after annealing at 653 K for 4 days. Impurity 
phases are marked by ‘H’ when Fe7Se8 and δ-Fe1-ySe coexist. Fe7Se8 is represented by 
‘h’. “H+T” or “h+T” refers to a peak of -FexSe overlapping with lines of impurity 
phases. The diffraction patterns were recorded using Co Kα1 radiation.  
 
 
Figure 4.2: Lattice parameters of β-FexSe at room temperature for the nominal 
compositions Fe:Se between 0.98 and 1.02. Dashed and dotted lines are given as 
guides to the eye. 
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     Polycrystalline samples with a nominal composition β-Fe1.00Se are single phase 
according to the findings of WDXS measurements and powder X-ray diffraction data. 
The backscattering electron (BSE) image of polycrystalline β-Fe1.00Se is shown in 
inset of Figure 4.3. No indication for an impurity phase is observed in the investigated 
area. Because of the annealing procedure at relatively low temperatures, i.e. 653–673 
K, the samples are not compact. The black lines on the image are cracks in the 
sample. ICP and WDXS analyses of β-FexSe polycrystalline samples for the nominal 
compositions Fe:Se between 1.00 and 1.01 give ratios which are close to 1:1. WDXS 
analysis, in which FeGe and Se are used as reference materials, have a tendency to 
show slightly less iron of the samples, for example WDXS analysis gives Fe0.98(1)Se 
for the nominal ratio 1:1. Instead of elemental Se, ZnSe single crystals were also used 
as a reference material for analysis but results did not yield any difference. In addition 
to these techniques, the amounts of elemental iron in the samples were estimated by 
the isothermal magnetization loops at 300 K (Figure 4.4 inset) as described in Chapter 
3. 
 
 
Figure 4.3: PXRD pattern of β-Fe1.00Se at room temperature, collected using 
synchrotron radiation (λ = 0.39491 Å).  Black and red lines show experimental and 
calculated X-ray powder diffraction intensities, respectively. The blue lines represent 
the difference between observed and calculated intensities. Inset shows the BSE 
image of β-Fe1.00Se sample after annealing at 653 K for 4 days. The WDXS analysis 
was performed on ten different spots, indicated by red dots on the image. The scale on 
the BSE image is 100 μm.  
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According to the calculations, even the purest samples contain between 100 and 300 
ppm elemental iron which escapes the PXRD and WDXS measurements. However, 
trace amounts of unreacted iron are detected in samples with nominal ratios Fe:Se 
bigger than 1.00. The determined amounts of α-Fe are shown in Figure 4.4 as a 
function of the nominal composition. The magnetic signal in iron-deficient samples 
with nominal ratios Fe:Se smaller than 1.00 is attributed to ferromagnetic 
contributions from Fe7Se8. [102] Table 4.2 gives a summary of the determined 
compositions by ICP and WDXS measurements plus the estimated amount of 
unreacted iron (in wt. %) in samples β-FexSe with nominal ratios Fe:Se between 1.00 
and 1.01. In addition to these techniques, the composition of the cleanest sample was 
determined as Fe1.006(3)Se by the Rietveld refinement using PXRD diagram. 
 
 
Figure 4.4: The average content of unreacted α-Fe in polycrystalline samples 
determined from magnetization measurements of three different series at room 
temperature for nominal ratios Fe:Se between 1.00 and 1.03. Errors are given in 3σ 
standard deviation. The dotted line represents the calculated amount of unreacted α-Fe 
assuming that the phase -FexSe realizes exactly x = 1. The inset shows the 
magnetization of a polycrystalline sample -Fe1.00Se as a function of the applied field 
at 300 K. 
 
     In previous studies, tetragonal iron selenide was prepared Se-deficient (i.e. FeSe0.82 
and FeSe0.92) and it was reported that there are Se vacancies according to the neutron 
diffraction experiments so the composition corresponds to FeSe0.92. [5] Later, 
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computational studies indicated that superconducting iron selenide has an excess of 
iron instead of a Se deficiency. [103] Our findings on the homogeneity range of        
β-FexSe support that single phase samples can be obtained only within a very narrow 
composition range and that the true composition is very close to 1:1 with a small 
amount of excess iron (~ 1%).   
 
Table 4.2: Compositions of β-FexSe samples according to ICP and WDXS 
measurements. The last column shows the estimated amount of unreacted iron in the 
samples.  
Nominal 
Composition 
Composition 
(ICP) 
Composition 
(WDXS) 
α-Fe content 
(wt. %) 
Fe1.00Se Fe0.996(3)Se Fe0.981(11)Se ~ 0.03 
Fe1.005Se Fe1.008(6)Se Fe0.979(5)Se ~ 0.09 
Fe1.01Se Fe0.995(8)Se Fe0.985(3)Se ~ 0.26 
 
     Regarding the transformation of the 1:1 phase in the Fe Se system, there are 
discussions concerning the involved phases. In order to understand the relation 
between β-FexSe and δ-Fe1-ySe, findings of DSC and in-situ PXRD studies are 
combined. Figure 4.5a shows DSC curves between 600 and 800 K for both heating 
and cooling cycles with 2 K/min rate. In the DSC measurements, an endothermic 
effect with an onset at 733 K is attributed to the decomposition of β-FexSe. Upon 
cooling, the reverse reaction is monitored at around 669 K. PXRD results after DSC 
measurements show that the majority of the sample transforms back to β-FexSe. 
However, there remain small amounts of unreacted Fe [iron-rich solid solution 
Fe(Se)] and δ-Fe1-ySe or Fe7Se8 (see Figure 4.5b). The peak intensities of the impurity 
phases in PXRD are small which makes it difficult to distinguish between the two 
hexagonal impurity phases. In conclusion, X-ray diffraction data indicate that β-FexSe 
remains stable up to 713 K in direction of increasing temperatures (Figure 4.6). Above 
this temperature, β-FexSe decomposes into δ-Fe1 ySe and traces of elemental Fe in full 
accordance with earlier reports. [4, 104–105] The refined synchrotron PXRD 
diagrams of sample at 673 K and 773 K are shown in Figure 4.7. δ-Fe1-ySe is a non-
stoichiometric compound and exists in the range from 51.5 to 54.3 atomic percent (at. 
%) Se at 823 K. [97] The composition of δ-Fe1-ySe determined by Rietveld 
refinements of synchrotron X-ray diffraction data amounts to 51.1(3) at. % Se 
(Fe0.96(1)Se) at 773 K. Refined parameter values at 673 and 773 K are given in Table 
4.3. Temperature dependence of lattice parameters of β-FexSe and δ-Fe1-ySe are 
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displayed in Appendix, Figure 9.1. In contrast to an earlier investigation [13], in-situ 
PXRD measurements and thermal analysis data give no indication for a phase 
transition from tetragonal to hexagonal phase below 573 K. 
 
 
Figure 4.5: (a) Differential scanning calorimetry result of β-Fe1.00Se polycrystalline 
sample with 2 K/min rate. Solid and dashed lines represent heating and cooling 
cycles, respectively. Gray solid lines are guides to eye to show onset temperatures (b) 
X-ray diffraction pattern of a sample before and after thermal analysis. Impurity 
phases (Fe7Se8 or δ-Fe1-ySe) are marked by ‘h’. “h+T” refers to a peak of -FexSe 
which overlaps with lines of impurity phases. 
 
     The in-situ observations suggest that the formation of β-FexSe above 633 K is 
mostly through a reaction between Fe7Se8 and unreacted Fe. [105] In addition to that 
the phase transitions between β-FexSe, Fe7Se8, and δ-Fe1-ySe was reported by Nitsche 
et al. on the decomposition of ms-FeSe. [14] All these findings and our observations 
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support the idea of annealing as an important procedure to reduce impurity phases like 
Fe7Se8 and δ-Fe1-ySe, and prepare single phase β-FexSe samples.  
 
 
Figure 4.6: PXRD diagrams at elevated temperatures in the range of the 
decomposition of β-Fe1.00Se into δ-Fe1-ySe and elemental Fe [Fe(Se) solid solution]. 
Diffraction patterns were recorded using synchrotron radiation (λ = 0.39491 Å). 
 
Table 4.3: Crystallographic data based on refinements using PXRD diagrams of       
β-Fe1.00Se at 673 K and δ-Fe1-ySe (y = 0.04) at 773 K. Atomic displacement 
parameters, Biso, are given in Å
2
. Rietveld refinements were performed by FullProf. 
[91] 
Temperature (K) 673 773 
Compound β-Fe1.00Se δ-Fe0.96(1)Se 
Space group P4/nmmz P63/mmc 
a (Å) 3.8280(2) 3.7565(1) 
c (Å) 5.5821(3) 5.9627(1) 
γ (degree) 90 120 
RBragg; χ
2
 
Rwp; Rexp 
3.78; 2.50 
9.28; 5.87 
2.75; 1.81 
8.84; 6.56 
Atomic parameters   
Fe 2a (¾, ¼, 0) 
Biso = 2.04(2) 
Occ. = 1 
2a (0, 0, 0) 
Biso = 3.80(4) 
Occ. = 0.96(1) 
Se 2c (¼, ¼, z) 
z = 0.2676(1) 
Biso = 2.03(1) 
Occ. = 1 
2c (⅓, ⅔, ¼) 
 
Biso = 2.25(2) 
Occ. = 1 
Weight fraction (%) 100 98.8(5) 
 
  Chapter 4: Iron Selenide: β-FexSe 
 _____________________________________________________________________  
29 
 
 
Figure 4.7: PXRD patterns of (a) β-Fe1.00Se at 673 K and (b) δ-Fe0.96Se and α-Fe at 
773 K evidencing decomposition. Black and red lines show experimental and 
calculated X-ray powder diffraction intensities, respectively. At 773 K, the reflection 
positions of δ-Fe1-ySe and α-Fe are represented by the upper and lower green ticks, 
respectively. Diffraction patterns were recorded using synchrotron radiation (λ = 
0.39491 Å). 
 
4.2 Physical properties of polycrystalline β-FexSe 
     The magnetic characterization of the superconducting transition in polycrystalline 
samples was realized by DC magnetization in low magnetic fields. Figure 4.8 shows 
the temperature dependence of magnetic susceptibility of polycrystalline samples with 
different nominal compositions. The measurements were performed in both zero-
field-cooling (ZFC) and field-cooling (FC) protocols in a magnetic field of 2 mT, 
below 10 K. The characteristic changes indicate superconducting behavior at low 
temperatures. The increase in susceptibility with increasing Fe in β-FexSe at 
temperatures above Tc is consistent with contribution from the unreacted elemental 
iron. Besides, the Tc
onset
 slightly decreases with increasing Fe amount and the highest 
Tc
onset
 is observed at ~ 8 K in samples with a nominal composition Fe:Se of 1:1 which 
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is in good agreement with previous studies on β-FexSe. [2, 13]  Assuming the 
theoretical density of β-FexSe is roughly 5.7 g/cm
3
, estimated shielding fraction from 
ZFC for “Fe1.005Se” at 2 K is found to be about 75 %. In literature, similar results were 
observed for polycrystalline β-FexSe and even doped samples of it. [106] It should be 
noted that since the Meissner fraction is determined by pinning and penetration 
effects, its interpretation is quite ambiguous on polycrystalline samples. The small 
grain size of annealed polycrystalline samples might be effective on flux pinning and 
consequently on Meissner and shielding factors.  
     Resistivity measurements on our polycrystalline samples (not shown) display that 
the samples do not reach zero resistivity. Instead, a sharp decrease in resistivity is 
observed around 8 K, where the superconducting transition is observed in DC 
magnetization measurements. Although samples were cold pressed and annealed 
several days at around 653 K, they are not compact specimens with a lot of cracks 
(see inset of Figure 4.3). Because of this, single crystals of β-FexSe were grown by 
chemical vapor transport (CVT) method on the basis of the reinvestigated 
homogeneity and thermal stability range of β-FexSe polycrystalline samples. 
   
 
Figure 4.8: Magnetic susceptibility as a function of temperature for polycrystalline 
samples with nominal ratios Fe:Se between 1.00 and 1.02 in a magnetic field of 2 mT. 
Both shielding and Meissner diamagnetic characteristics, as measured by Zero Field 
Cooling (ZFC) and Field Cooling (FC) cycles are shown.  
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4.3 Single crystal growth of β-FexSe by chemical vapor transport reaction 
     Because of the thermal stability range of β-FexSe, methods that rely on growing 
single crystal directly from the melt, like the Bridgman technique
 
[7], did not succeed 
for β-FexSe. Therefore, in most of the studies, single crystals were synthesized with 
alternative growth methods such as vapor self-transport [8] or alkali-halide-flux 
growth [9, 107–110] at temperatures around 973 K. Frequently, impurity phases like 
δ-Fe1-ySe and α-Fe are reported for single crystals -except those grown in LiCl/CsCl 
and KCl/AlCl3 fluxes [109–110]- since the growth experiments are performed above 
the decomposition temperature of β-FexSe. Recently, CVT studies on β-FexSe using 
different transport additives (i.e. I2 and TeCl4) were reported at temperatures above 
the peritectoid point. Consequently, these attempts failed to achieve crystal formation, 
[8] resulted in different phases within the same batch [111] or showed coexistence of 
δ-Fe1-ySe and β-FexSe within individual crystals. [112]  
     In this work, single crystals were grown by CVT reaction using AlCl3 as transport 
additive below the decomposition temperature to avoid impurity phases. Former 
studies showed that anhydrous AlCl3 can chlorinate the iron of FexSe and single 
crystals of different modifications can be grown. [113–114] However, in Ref. 114, it 
was reported that the modeling of this transport with all gas species and condensed 
phases was not possible by the TRAGMIN program. [115] Since no useful result 
could be achieved with the modeling, the thermodynamic data of some possible 
reactions were manually calculated. [114] Thermodynamic argument suggests the 
following reaction mechanisms for the transport reactions: 
 
FeSe (s) + AlCl3 (g) AlCl (g) + FeCl2 (g) + ½ Se2 (g)   (4.1)  
FeSe (s) + ½ Al2Cl6 (g)  AlCl (g) + FeCl2 (g) + ½ Se2 (g)  (4.2) 
FeSe (s) + 
3
∕2 Al2Cl6 (g)  AlCl (g) + FeAl2Cl8 (g) + ½ Se2 (g)  (4.3) 
 
The calculated reaction enthalpies, ΔHR
0
, of these reactions at 1000 K are positive 
thus, endothermic reactions, transports from hotter to cooler zone are expected. 
However, the magnitude of the free enthalpy, ΔGR
0
, and the equilibrium constant, K, 
for reactions indicate that the balance is located almost entirely on the side of starting 
materials, which corresponds to a slow reaction rate (For detailed information about 
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modeling and calculations see Ref. 114). Still, the reaction mechanism for chemical 
vapor transport is not fully understood. Since the suggested reactions are endothermic, 
a temperature gradient from the hotter zone to the cooler zone was used, e.g., T2 = 873 
K → T1 = 673 K at the beginning. After one month, mostly plate-like single crystals 
with edge length up to 2 mm were obtained. However, these reactions resulted in 
yielding phases within the same batch or showed coexistence of δ-Fe1-ySe and β-FexSe 
within individual crystals. Figure 4.9 exhibits a PXRD pattern of ground crystals from 
the same batch, which contains mainly β-FexSe and δ-Fe1-ySe. The inset shows the 
BSE image of plate-like grown crystals with iron-deficient composition. The WDXS 
analyses of the crystals shown in the inset of Figure 4.9 indicate a composition of 
Fe0.94(3)Se and Fe0.91(2)Se. 
 
 
Figure 4.9: The powder X-ray diffraction pattern of single crystals grown in a 
temperature gradient from 873 to 673 K (upper pattern). The lower PXRD pattern 
belongs to a polycrystalline sample of β-Fe1.00Se. δ-Fe1-ySe reflections are represented 
by asterisks (*). Inset displays the backscattering electron (BSE) image of single 
crystals with iron deficiency.  
      
     These findings prompted a change of the temperature gradient to T2 = 673 K → T1 
= 573 K. Although the crystal formation takes a longer time, ca. 2 months, and yields 
smaller single crystals, the chemical homogeneity of the crystals is significantly 
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improved. The product contains plate-like single crystals with edge lengths 
perpendicular to the c–axis ranging typically from 400 μm after 2 months up to 4 mm 
after one year. The thickness in direction of the crystallographic c–axis usually 
amounts to some tens of micrometers. Figure 4.10a exhibits a typical crystal grown by 
CVT reaction below 673 K. Homogeneity and composition of the single crystals were 
investigated by WDXS. Figures 4.10b–d show the backscattering electron images and 
microprobe electron density maps of a polished β-Fe1.00Se crystal for selenium and 
iron, respectively. No impurity phases are detected and according to the WDXS 
analysis, the composition of the single crystal corresponds to Fe0.992(6)Se which is in 
good agreement with the polycrystalline samples. Backscattering Laue diffraction 
measurements along the [001] direction evidence the single-crystalline nature even of 
the largest grown individuals, and the symmetry of the projection is p4mm (Figure 
4.10e). Selected area electron diffraction pattern along the [100] zone axis exhibits 
Patterson symmetry p2mm (Figure 4.10f). The weaker but significant intensity of the 
(100) reflection is attributed to multiple scattering. Thus, the symmetry of the 
projections is consistent with the selected space group of the crystal structure. The 
detailed description of TEM lamellar cutting using focused ion beam (FIB) technique 
for SAED measurements is given in Figure 9.2, Appendix. β-FexSe single crystals are 
soft and can be easily deformed during the handling. In such kind of deformed 
(slightly bended) single crystal the shear planes perpendicular to the c–axis were 
observed in TEM images. The detailed investigations reveal that shear plane is (001) 
and gliding is accompanied by a slight rotation of ~ 8º about the c–axis. 
Consequently, stacking faults along the c–axis arise in deformed crystals. Results of 
TEM and SAED investigations on deformed β-FexSe single crystal are shown in 
Figure 9.3 and 9.4, Appendix.  
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Figure 4.10: (a) β-Fe1.00Se single crystal dimensions with 3.5 1.9 0.03 mm
3
, (b) 
backscattering electron image (c) and (d) microprobe electron density maps for the 
elements Se and Fe, respectively (e) Backscattering Laue diffraction pattern along the 
[001] direction (f) the SAED pattern along the [100] zone axis. The symbol 2 nm
-1
 is 
the measuring scale in reciprocal space. 
 
     The observed plate-like morphology of the β-FexSe crystals and the obtained 
diffraction patterns are in accordance with the layered crystal structure implying that 
the crystal growth preferentially perpendicular to the c–axis as observed in other 
layered chalcogenide compounds. [116–118] However, different growing directions 
of β-FexSe single crystals for different preparation methods have been reported. The 
formation of single crystalline β-FexSe nanorods with Tc
onset
 ≈ 16 K indicates the 
fastest growth along the [001] direction. [109] On the other hand, single crystals 
grown with the LiCl/CsCl flux method are plate-like with Tc
onset
 ≈ 12 K, and the 
crystal surface is identified to be the (101) face. [119] 
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     For the single-crystal X-ray diffraction measurements, several individuals were 
tested. According to the refinement results, large crystals exhibit pronounced 
extinction. Thus, a crystal with dimensions 20 15 20 μm
3
 was selected. A summary 
of the crystallographic data is compiled in Table 4.4, and refined atomic coordinates 
and anisotropic displacement parameters are given in Table 4.5. The crystal structure 
of β-FexSe, which is PbO-type with space group P4/nmm, is known since 1933. [120] 
The tetragonal unit cell contains two selenium atoms at ¼, ¼, z and ¾, ¾, z , and two 
iron atoms at ¾, ¼, 0 and ¼, ¾, 0 (origin choice 2). β-FexSe has a layered structure 
with only Fe–Se bonding to form the layers.  
 
Table 4.4: Crystallographic data of β-FexSe refined from X-ray single crystal 
diffraction data. 
Space group P4/nmmz (no. 129) 
a ; c / (Å) 3.7719(1); 5.5237(3) 
* 
Unit cell volume / (Å
3
) 78.587(5) 
Z; ρcalc / (g cm
-3
) 2; 5.697 
T / (K)  295 
θ range (°) 3.69 to 30.94 
Indexes ranges –5 ≤ h ≤ 5 
–5 ≤ k ≤ 5  
–7 ≤ l ≤ 3    
Μ / (mm
-1
) 32.07 
F(000) / (e) 120 
Absorption correction Multi-scan   
Reflections collected 1155  
Rint, Independent reflections 0.045, 95 
Refinement method Full-matrix least-squares on F
2
 
Refined parameters 7 
Residuals [I > 2σ(I)] R1 = 0.022,  
wR2 = 0.047 
Residuals (all data) R1 = 0.022,  
wR2 = 0.047 
Goodness-of-fit on F
2
 1.110 
Extinction coefficient 0.053(11) 
Largest diff. peak and hole / (e / Å
3
) 0.661 and –0.643 
*
 Parameters were calculated from PXRD data with TiO2 (rutile) as internal standard. 
According to the refined single crystal X-ray diffraction data, each iron atom is 
tetrahedrally surrounded by four selenium atoms adopting Fe–Se distances of 
2.3933(4) Å and Se Fe Se angles of 104.00(2) and 112.27(1) degrees, respectively. 
These FeSe4/4 tetrahedra condense via sharing of edges into infinite layers. 
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Concerning the anisotropy of the atomic displacement, the ratio U33/U11 amounts to 1 
for Se and 1.7 for Fe. The crystal structure of β-FexSe with displacement ellipsoids 
(enclosing the volume corresponding to a probability of 99 percent) is shown in 
Figure 4.11. Similar elongations of the displacement ellipsoids of the iron atoms along 
the c–axis are reported for refinements of synchrotron X-ray powder diffraction data 
of β-FexSe. [13, 109] The stacking faults observed in TEM images along the c–axis 
may substantially contribute to the large U33/U11 ratio of Fe. Variations of the site 
occupancy factor of iron or selenium did not yield significant differences of the 
residuals, R1(all). This finding is in conformity with the results of the ICP and WDXS 
analyses, which yield an Fe:Se ratio of 1:1 within experimental error. 
 
Table 4.5: Atomic coordinates and displacement parameters (given in 10
-2
Å
2
) for β-
Fe1.00Se. 
Atom Site x y  z  Ueq U11 U33 
Fe  2a  ¾  ¼  0  1.19(3) 0.96(4)  1.66(5) 
Se 2c  ¼  ¼  0.2667(1)  1.31(3) 1.33(3) 1.26(4) 
                 U22 = U11, U23 = U13 = U12 = 0, Ueq = 1/3 (U11 + U22 + U33) 
 
 
 
Figure 4.11: Crystal structure of β-Fe1.00Se with tetragonal unit cell and FeSe4 
tetrahedron with Se Fe Se angles (space group P4/nmm, displacement ellipsoids of 
99% probability). 
      
     Figure 4.12 shows the comparison of lattice parameters and compositions 
determined by WDXS analysis of polycrystalline materials and single crystals. The 
determined compositions of single crystals correspond to the average of 3–6 
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individuals isolated from the same growth experiment. The crystals used in WDXS 
analysis were ground to powder and PXRD measurements were performed. In the X-
ray powder diffraction diagrams (not shown), only peaks from β-FexSe are observed. 
Lattice parameters and determined WDXS compositions of polycrystalline materials 
and single crystals are in agreement within the experimental error. 
 
 
Figure 4.12: Lattice parameters of poly- and single-crystalline β-FexSe with 
compositions determined by WDXS analysis. The nominal ratio Fe:Se is between 
1.00 and 1.01 for polycrystalline samples. The nominal ratio Fe:Se is 1:1 for single 
crystals. (a) Lattice parameters a, (b) lattice parameters c. Error bars are given in 1σ. 
The nominal compositions of the polycrystalline samples are written next to the 
symbol in the right panel. 
 
4.4 Physical properties of β-FexSe single crystals grown by CVT  
     Figure 4.13 represents the zero-field cooled (ZFC) and field cooled (FC) 
magnetization of β-Fe1.00Se single crystal as a function of temperature. Data are 
measured in a field of 2 mT applied parallel to the ab–plane (field is in-plane). The 
superconducting transition is observed at Tc
onset
 = 9 K in the magnetic susceptibility 
measurements, which is ~ 1 K higher than the transition of the polycrystalline β-FexSe 
samples. No magnetic discontinuity is observed between Tc
onset
 and 300 K. Thus, the 
temperature anomalies reported between 70 and 120 K are likely due to the presence 
of magnetic impurity phases such as Fe7Se8 and iron. [2, 10–12] The inset of Figure 
4.13 shows the ZFC dc-susceptibility curve below 15 K. The Meissner value of the 
diamagnetic susceptibility is almost constant below 7 K. The fraction of the volume 
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that is screened by superconducting currents, estimated from the dimensionless dc-
susceptibility, gives almost the full screening value, 4πχ ≈ −1 below the 
superconducting transition. From the isothermal magnetization loops of single crystals 
at 300 K, the iron impurity level is estimated to be about ~ 4 ppm (not shown).  
 
 
Figure 4.13: Magnetic susceptibility as a function of temperature for a β-Fe1.00Se 
single crystal. (μ0H || ab = 2 mT) The inset shows the volume susceptibility as a 
function of temperature below 15 K. 
 
     The AC susceptibility of single crystal and polycrystalline β-Fe1.00Se are shown in 
the main panel and the inset of Figure 4.14, respectively. The real part of the linear 
susceptibility 
'
ac  of single crystal changes monotonically to the full screening value 
as observed in the dc-susceptibility. On the other hand, the imaginary part of the 
linear susceptibility 
"
ac  displays a peak around 8 K and goes from its normal state 
value to substantially zero in the superconducting state. This behavior indicates that 
single crystalline β-Fe1.00Se is a homogeneous superconductor. However, 
polycrystalline β-Fe1.00Se does not show full diamagnetic screening (inset of Figure 
4.14) and 
"
ac  displays an increase around Tc but does not saturate like the single 
crystal. 
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Figure 4.14: AC susceptibility as a function of temperature measured in zero field 
and at a frequency of 317 Hz for a β-Fe1.00Se single crystal (main panel) and 
polycrystalline (inset) samples. '
ac
and "
ac
 are the real and imaginary parts of the 
linear susceptibility, respectively. 
 
 
Figure 4.15: (a) Magnetization isotherms of a β-Fe1.00Se single crystal below 10 K as 
a function of field. Field is applied parallel to the ab–plane. (b) Critical current 
density vs. magnetic field for β-Fe1.00Se with μ0H || ab–plane. The inset shows the 
temperature dependence of the critical current density at H = 0, in logarithmic scale, 
obtained from (b).    
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     The isothermal magnetization curves measured below 10 K as a function of field 
are plotted for a β-Fe1.00Se single crystal in Figure 4.15a. A typical superconducting 
magnetic hysteresis curve is observed below Tc. There is no indication of second peak 
(fishtail effect) within the measured field range while fishtail feature was observed for 
the tetragonal FeTe0.6Se0.4. [121] From the M–H loops, the critical current density, Jc, 
can be calculated by using Bean critical state model. [122–123] According to Bean, Jc 
is given by 
 
Jc = 20
b
a
a
M
3
1
     (4.4) 
 
in which ΔM = Mdown – Mup, Mup and Mdown are the magnetizations measured with 
increasing and decreasing field, respectively, and a and b (b > a) are the dimensions 
of the rectangular cross section of the crystal normal to the applied field. Here, the 
field is applied perpendicular to the c–axis, which means a = 0.003 cm and b = 0.13 
cm in the equation. Since the measured crystal is a very thin plate and the applied 
field is parallel to the long axis, demagnetization factor is assumed as negligible. The 
unit of ΔM is in electromagnetic units per cubic centimeter, a and b are in centimeter 
and the calculated Jc is in ampere per square centimeter. Figure 4.15b shows the 
critical current density at several temperatures as a function of the field. The 
calculated Jc from M–H curves at zero field is ~ 10
6
 A/cm
2
 at 2 K, which is higher 
than the previously reported values on β-FexSe [124–127] and similar to other iron-
based superconductors. [121, 127–129] The inset of Figure 4.15b shows the critical 
current density as a function of temperature. Jc is uniformly decreasing up to 7 K but 
still amounts to ~ 10
4
 A/cm
2
 at 8 K.        
     The low-temperature specific heat of a -Fe1.00Se single crystal as a function of 
temperature is displayed in Figure 4.16. The raw data clearly show the presence of 
excess specific heat associated with the superconducting transition of -Fe1.00Se 
around Tc indicating bulk superconductivity. The transition temperature Tc = 8.52(25) 
K and the jump at Tc are determined by a graphical construction keeping the entropy 
balanced at Tc. Small deviations of the Tc show that the sample is chemically 
homogeneous. The inset exhibits the C vs. T plot of a -Fe1.00Se single crystal at zero 
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field and 9 T with field applied parallel to the c–axis. The data at 9 T allow the normal 
state Cn(T) to be determined more reliably. At 9 T, Cn(T) can be described by the 
simple equation in the temperature range 5 to 13 K 
 
3)( TTTC nn      (4.5) 
 
where Tn  is the normal-state electronic contribution and 
3T  is the lattice 
contribution. In the normal state, the electronic coefficient of the specific heat 
corresponds to 
n
 5.11(11) mJ/mole-K
2
, as can be seen form the zero-temperature 
intercept of the red dotted line. The coefficient of the lattice contribution 
0.372(1) mJ/mole-K
4
 is used to calculate the Debye temperature 
D
 218 K with the 
following equation 
 
   3
4
5
12 Rs
D      (4.6) 
 
where R = 8.3144621(75) J/mole-K is the ideal gas constant and s is the number of 
atoms per molecule, s = 2 for β-FexSe. By the balance of entropy around the 
superconducting transition, the dimensionless specific-heat jump at Tc is determined 
as 
cnTC / 2.0(1). This value is significantly higher than the BCS value of 1.43 for 
the weak electron-phonon coupling scenario. 
     The temperature dependence of the electrical resistivity of a β-Fe1.00Se single 
crystal (crystal dimension with 3.5 1.9 mm
2
) is shown in the main panel of Figure 
4.17. The electrical resistivity evidences metallic behavior and exhibits a clear 
anomaly at ~ 90 K where a phase transition from tetragonal (P4/nmm) to 
orthorhombic (Cmma) is reported. [5, 74] Results of X-ray powder diffraction 
experiments on polycrystalline -Fe1.00Se at low temperatures confirm that the 
resistivity anomaly is associated to a symmetry-breaking phase transition around 90 K 
(see Figure 9.5&9.6 and Table 9.2 with the structural information). The lower inset 
shows the same resistivity data in the main panel only for temperature below 20 K. A 
sharp drop in resistivity is observed below the Tc
onset
 of about 12 K, and zero 
resistivity is monitored at 10 K. 
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Figure 4.16: Low-temperature specific heat of a β-Fe1.00Se single crystal. The red 
dotted line is the fit of the electronic and the lattice contribution to the specific heat. 
The inset presents the C vs. T data measured at zero field and under 9 T with magnetic 
field parallel to the c–axis. 
 
 
Figure 4.17: Resistivity of single crystalline -Fe1.00Se as a function of temperature. 
The kink at ~ 90 K (indicated by an arrow) is attributed to the phase transition from 
tetragonal to orthorhombic symmetry. The lower inset displays the resistivity of a big 
crystal with a crystal dimension of 3.5 1.9 mm
2
 below 20 K, including the 
superconducting transition. The upper inset shows the resistivity of a small crystal for 
two different runs. Solid lines in the insets are guides to the eye. 
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The determined residual resistivity ratio, RRR = ρ(300 K)/ρ(12 K) amounts to 22. The 
residual resistivity ratio depends on the amount of impurities and lattice defects of the 
materials, so the high value of RRR evidences that single crystals grown by CVT have 
high purity and low defect concentration. The upper inset of Figure 4.17 displays the 
resistivity data of a relatively small single crystal (with a crystal dimension of 0.22
0.41 mm
2
) for two different runs. Here, zero resistivity is observed at around 11–12 
K. The small increase of Tc with decreasing size is related to stress, strain or 
dislocations caused by the fixation of the gold wires with silver paste on the surface of 
the crystal.  
      Figure 4.18 displays the resistivity of a β-Fe1.00Se single crystal in fields of 0–9 T 
applied parallel to the c–axis. The anomaly of the resistivity around 90 K is an 
intrinsic behavior and field independent. The superconducting transition temperature 
shifts monotonously to lower temperatures with increasing magnetic field. The lower 
inset of Figure 4.18 exhibits the upper critical field vs. temperature for the crystal. The 
temperatures where the resistivity drops to 90 % of the normal state resistivity ρn, 
which is taken at the onset of Tc for each field from 0 to 9 T. Tc is defined as the 
intersection of the linear extrapolation of the most rapidly changing part of ρ(T) and 
the normal state resistivity curve. The values of Tc at zero field were determined to be 
Tc
onset
 (90 % of ρn) = 11.5 K, Tc
mid
 (50 % of ρn) = 10.9 K and Tc
offset
 (10 % of ρn) = 
10.5 K, respectively. All three curves show an almost linear dependence with 
temperature. The slopes of Hc2 at Tc
onset
, Tc
mid
, and Tc
offset
 are –1.88 T/K, –1.79 T/K, 
and –1.71 T/K, respectively. The results are close to the Pauli paramagnetic limit 
(dHc2/dT)T=Tc = –1.84 T/K. [130] Hc2(0) was estimated using the Werthamer-Helfand-
Hohenberg (WHH) formula [131]: 
 
   Hc2(0) = − 0.693(dHc2/dT)T=TcTc   (4.17) 
 
which leads to Hc2
onset
(0) = 16.3 T, Hc2
mid
(0) = 15.5 T, and Hc2
offset
(0) = 14.8 T. 
Similar results of the upper critical field were reported for β-FexSe single crystals 
grown by the flux method when field is applied parallel and normal to the (101) plane. 
[118] However, some of the reported values of Hc2(0) for poly- and single crystalline 
β-FexSe are higher than our results. [8, 124, 132–133] 
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Figure 4.18: Temperature dependence of the resistivity of a β-Fe1.00Se single crystal, 
measured in magnetic fields of μ0H = 0, 1, 3, 5, 7, and 9 T parallel to the c–axis. The 
arrow indicates the kink at ~ 90 K which is attributed to the structural phase 
transition. The upper inset shows the resistivity below 16 K. The lower inset displays 
the μ0H–T phase diagram for the points where the electrical resistivity drops to 90 % 
of ρn, 50 % of ρn, and 10 % of ρn, respectively. ρn is the value of the resistivity taken 
in the normal state at Tc
onset
 at a fixed magnetic field.  
 
The superconducting coherence length is estimated to be ξ(0) = 4.5 nm using the 
Ginzburg–Landau formula [134] 
 
Hc2 = Φ0/2πξ
2
      (4.18)  
 
where Φ0 = 2.07 10
–15
 Wb is the flux quantum.  
     The transverse magnetoresistance (MR) measurements of a β-Fe1.00Se single 
crystal were performed between 0 and 9 T at different temperatures. Here, the 
magnetoresistance results at normal state (above 15 K) are presented. The normalized 
magnetoresistance is calculated as follows  
 
MR = [(ρH – ρ0)/ ρ0] 100%    (4.19)  
 
where ρ0 and ρH represent resistivity at zero magnetic field and applied field at any 
temperature, respectively. In Figure 4.19a, Kohler plot, MR vs. μ0H/ρ0, of β-Fe1.00Se 
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single crystal is presented. According to Kohler’s rule, the results from different 
temperatures collapse to a single curve in a Kohler plot if material is a single band 
metal. [135] In our case, all the MR data at T ≤ 30 K scale on a single curve. But, the 
scaling is not valid and Kohler’s rule is violated for the T range 30 K ≤ T ≤ 70 K. 
Besides, in case of a single band, there is a linear relation between the 
magnetoresistance and the square of the applied field (for details see Ref. 135). 
However, in Figure 4.19b, the non-linear behavior of the curves evidence that 
multiple bands contribute to the transport properties. The MR results indicate that      
β-Fe1.00Se has multi-band properties as reported for binary and ternary iron 
chalcogenides. [136–137]     
 
 
Figure 4.19: (a) Kohler plot of the β-Fe1.00Se single crystal at different temperatures. 
(b) Magnetoresistance (MR) vs. the square of the applied field at different 
temperatures. Field applied perpendicular to current and ab–plane.   
 
     For a further investigation of the multiband characteristics of β-Fe1.00Se, a single 
crystal is measured in four probe configuration for Hall measurements from – 9 T to 9 
T at various temperatures. The Hall resistivity (ρxy) is calculated as follows: 
 
   
2
)()(
)(
HH
Hxy     (4.20) 
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where ρ(+H) and ρ(–H) are the transverse resistivity measured at positive and 
negative fields, respectively. By using this equation, the longitudinal resistivity 
component due to the voltage probe misalignment can be eliminated. Figure 4.20 
shows the field dependence of the Hall resistivity at different temperatures in the 
normal state. As temperature is reduced below 70 K, ρxy(H) becomes negative and 
displays increasingly non-linear behavior. A nonlinear field dependence of ρxy(H) at 
low temperatures confirms the multiband effects on β-Fe1.00Se. Temperature-
dependent initial Hall coefficient RH(T), obtained from the initial slope of Hall 
resistivity versus field isotherms, dHdTR xyH /)( . The temperature dependence of 
Hall coefficient RH clearly displays a transition from a compensated metal to a 
strongly electron dominated transport regime at 70 K. 
      
 
Figure 4.20: (a) Field dependence of Hall resistivity, ρxy at various temperatures. 
Current (I) is parallel to ab–plane and applied field (H) is parallel to c–axis. (b) 
Temperature evolution of Hall coefficient.  
 
4.5. Conclusions 
     Homogeneity and thermal stability ranges of β-FexSe were reinvestigated on 
polycrystalline materials. Single phase β-FexSe is almost stoichiometric, 1.000(5) ≤ x 
< 1.010(5). The phase is stable up to roughly 733 K before a peritectoid 
decomposition into δ-Fe0.96(1)Se and solid solution Fe(Se) occurs. β-FexSe single 
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crystals with lengths up to 4 mm were grown by the CVT method below 723 K. 
Single crystals prefer to grow in ab–plane and the growth along the c–axis is slow, i.e. 
the thickness of the samples is around ~ 30 μm, while the edge length is around 4 mm. 
β-Fe1.00Se single crystals grown with CVT do not contain any magnetic impurities and 
they are chemically homogeneous. The magnetic susceptibility and heat capacity 
measurements evidence bulk superconductivity of β-Fe1.00Se. The superconducting 
transition temperature Tc = 8.5(3) K is determined by the local entropy balance. 
Resistivity measurements on plate-shaped single crystals display a large residual 
resistivity ratio of RRR = 17–22 with a sharp superconducting transition. A full 
diamagnetic shielding factor of 4πχ ≈ −1 has been achieved in the single crystals. The 
ratio C/ nTc  2.0(1) obtained from the specific heat measurements exceeds the BCS 
weak coupling limit of 1.43. The calculated superconducting coherence length from 
the upper-critical field (Hc2(0) = 16.3 T) is about 4.5 nm and single crystals have a 
large critical current density Jc of 10
6
 A/cm
2
 at 2 K. Magnetoresistance and Hall 
resistivity measurements indicates contribution from the multiple bands to the 
electronic transport in β-Fe1.00Se.  
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Chapter 5  
 
Iron Telluride: Fe1+yTe 
 
     In this chapter, the detailed investigations of tetragonal Fe1+yTe are presented. 
First, the homogeneity range is reinvestigated and products are characterized by 
powder X-ray diffraction (PXRD), wavelength dispersive X-ray (WDX) 
spectroscopy, and the inductively coupled plasma (ICP) techniques. Physical and 
magnetic properties of products with different compositions are presented. In addition 
to polycrystalline materials, the results of Fe1+yTe single crystal growth experiment 
using chemical vapor transport are reported. Low-temperature structural phase 
transitions are studied for different compositions, especially in region close to the 
tricritical point. Finally, a low-temperature phase diagram of tetragonal Fe1+yTe is 
constructed with the knowledge of the low-temperature structural phase transitions, 
and the physical as well as the magnetic properties of Fe1+yTe.   
5.1 Preparation and characterization of Fe1+yTe poly- and single crystalline 
samples 
     Polycrystalline Fe1+yTe samples were synthesized utilizing solid state reaction of 
Fe and Te pieces with different amounts of iron contents in the range 0.02 ≤ y ≤ 0.20. 
Mixtures of the target composition were placed in the glassy carbon crucibles with lid 
and sealed in quartz ampoules under vacuum. Starting materials were first heated up 
to 973 K a rate of 100 K/hour and kept there for one day. Then, the temperature was 
slowly increased to 1193 K in order to complete reaction between Fe and Te and to 
obtain homogeneous products. After two days at 1193 K, samples were cooled down 
to 973 K and annealed for one day in order to avoid the formation of high-temperature 
modification Fe1+yTe which was reported above 1073 K. [138–140] Differential 
scanning calorimetry results of Fe1.06Te agree with previous studies (Figure 9.7, see 
Appendix). The PXRD patterns of Fe1+yTe (y = 0.04, 0.06, 0.08, 0.11, 0.13, 0.15, and 
0.17) samples at ambient temperature are presented in Figure 5.1. Tetragonal Fe1+yTe 
is the main phase at room temperature for all studied nominal compositions and the 
main reflections can be indexed on basis of a tetragonal cell in space group, P4/nmm. 
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[141] FeTe2 and Fe impurities are observed in PXRD patterns for compositions y < 
0.06 and y > 0.15, respectively.  
 
 
Figure 5.1: Powder X-ray diffraction patterns of samples with nominal composition 
Fe1+yTe for y = 0.04 – 0.17, tetragonal Fe1+yTe as the main phase at room temperature. 
(Impurity phases: FeTe2 marked by  and elemental Fe by .) 
 
     Figure 5.2a shows the lattice parameters of tetragonal Fe1+yTe at room temperature 
in dependence of the nominal composition. In the range of the composition 0.06 < y < 
0.17, the a parameter increases while the c parameter decreases upon increasing Fe 
amount. The volume of the unit cell does not change with composition, however, the 
c/a ratio decreases from 1.645 to 1.638 with increasing y (Figure 5.2b). Previously 
reported amount of iron in tetragonal Fe1+yTe ranged for y = 0–0.3. [139, 142–145] 
According to the present X-ray diffraction study, the homogeneity range of tetragonal 
Fe1+yTe amounts to 0.060(5) < y < 0.155(5). Thus, it is clearly smaller than those 
given in previous reports. 
     For further analysis, only the samples without any visible traces of FeTe2 and Fe 
impurities are considered. In the following text, nominal compositions of samples will 
be used unless stated otherwise. In Figure 5.3, bright-field and polarized light images 
of polycrystalline Fe1.15Te and Fe1.06Te, which are at the boundary of the homogeneity 
range, are presented. 
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Figure 5.2: (a) Lattice parameters, (b) volume and the c/a ratio at room temperature 
dependence of the nominal compositions of Fe1+yTe. The error bars in (a) are smaller 
than the size of the symbols. Lattice parameters were determined using the diffraction 
lines of LaB6 as an internal standard. Dashed lines are given as guides to the eye. 
 
Tetragonal Fe1+yTe is a layered compound, similar to β-FexSe, so that the terrace 
microstructure is observed in the bright-field image of Fe1.15Te (Figure 5.3a). 
However, this kind of microstructure disappears with decreasing iron composition; 
see Fe1.06Te (Figure 5.3c). Besides, there are some regions in the bright-field image of 
Fe1.06Te which are slightly lighter than the rest of the sample. This effect is attributed 
to different crystallographic orientations. Black spots in the bright-field images of 
both samples (corresponding to shiny regions in Figures 5.3b&5.3d) are cavities. The 
polarized light image of the selected region for Fe1.15Te does not exhibit different 
domains on the investigated surface, whereas small grains due to different orientations 
are clearly visible for Fe1.06Te. The SEM images (BSE and SE contrasts) of the same 
samples are shown in Figure 5.4. According to the BSE images, Fe1.15Te and Fe1.06Te 
are single phase. Cavities of the samples can be clearly seen in the SE images. 
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Although only the results for two compositions are presented, there is no indication of 
secondary phases in all investigated samples within the homogeneity range. 
 
 
Figure 5.3: Optical microscope images. (a) and (b) are bright-field and polarized light 
images of Fe1.15Te polycrystalline, respectively. (c) Bright-field and (d) polarized 
light images of polished Fe1.06Te. The microstructure of Fe1.06Te is different to that of 
the iron rich compound and in (d) the structuring of different domains is monitored. 
Black spots in the bright-field images and their corresponding shiny regions in 
polarized light images are cavities on the surface of samples.    
 
 
Figure 5.4: (a) and (c) Backscattering electron (BSE) images, and (b) and (d) 
secondary electron (SE) images of Fe1.15Te and Fe1.06Te, respectively. Scale bars 
represent 200 μm. No indication of impurity phases is observed.  
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Figure 5.5: Determined compositions of Fe1+yTe with wavelength dispersive X-ray 
spectroscopy (WDXS) analysis and chemical analysis by an inductively coupled 
plasma method (ICP). In calculating the standard deviation of the nominal 
compositions, mass loss after reaction was accounted for assuming that all loss is 
caused by tellurium evaporation. However, this error bar is smaller than the symbol 
size. The standard deviations for the ICP (WDXS) analysis were calculated by 
averaging over three (ten) independent measurements for each sample, respectively. 
 
     As the amount of iron is extremely important for the physical properties of 
Fe1+yTe, the synthesized single phase samples were characterized by wavelength 
dispersive X-ray spectroscopy (WDXS) analysis (ZnTe and FeSi are used as standard) 
and the inductively coupled plasma (ICP) method to determine the amount of Fe. In 
Figure 5.5, the experimentally determined composition by WDXS and ICP methods 
are compared to the nominal composition. Here it should be noted that the ICP 
analysis measures the average composition of the bulk, whereas the WDXS is more 
surface sensitive. While the amount of Fe as obtained by the ICP method is 
systematically 1−2 % higher than the nominal composition, WDXS analysis gives an 
amount of iron that is typically 1−2 % lower. The compositions obtained from WDXS 
and chemical analysis overlap with the nominal compositions within three standard 
deviations, 3σ. 
     The crystal structure of tetragonal Fe1+yTe is similar to that of β-FexSe. Grønvold et 
al. [141] first suggested the excess iron atoms in the Fe1+yTe phase are located in 
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partially occupied interstitial sites. The crystal structure was considered to be an 
intermediate type between tetragonal PbO (the B10 type) and Fe2As (the C38 type). 
The arrangement in the B10 structure as described for β-FexSe is a quadratic net of 
iron atoms, which together with the tellurium atoms form square pyramids sharing 
edges, and with apices alternately above and below the net of iron atoms.  
 
 
Figure 5.6: Powder X-ray diffraction patterns of (a) Fe1.06Te and (b) Fe1.15Te at 293 
K. Black and red lines show experimental and calculated powder X-ray diffraction 
intensities, respectively. Diffraction patterns were recorded using synchrotron 
radiation (λ = 0.39992 Å). 
 
The excess Fe atoms (Fe2) occupy an additional site in the tellurium plane and 
convert a pyramid into an octahedron without appreciably disturbing the original 
grouping. In the space group P4/nmm, the Fe1 and Te atoms fully occupy the 2a and 
2c sites respectively, while the Fe2 atoms randomly occupy a second 2c site. These 
conclusions have been confirmed using X-ray and neutron diffraction measurements. 
[16–17,146–148] Figure 5.6 shows synchrotron X-ray diffraction  data of Fe1.06Te and 
Fe1.15Te powders at 293 K refined by JANA2006 using the Rietveld method. The 
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results of the refinements are listed in Table 5.1. The structural model was refined in 
space group P4/nmmz (origin choice 2) with the iron and tellurium atoms, Fe1 and Te, 
located on the fully occupied sites 2a and 2c, respectively. The refined occupancies of 
Fe2 on site 2c are in good agreement with the nominal compositions.  
 
Table 5.1: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.06Te and Fe1.15Te at 293 K. Lattice parameters were calculated from PXRD data 
using WinCSD and LaB6 as internal standard. Rietveld refinements were performed 
with JANA2006. Atomic displacement parameters, Uiso, are given in 10
–2 
Å
2
. 
Occupancies of Fe1 and Te are fixed to 1, while occupancy of Fe2 is refined.  
Compound Fe1.06Te Fe1.15Te 
Space group P4/nmmz P4/nmmz 
a (Å) 3.8233(3) 3.8285(2) 
c (Å) 6.2892(6) 6.2704(4) 
Robs/Rp 0.010/0.056 0.021/0.071 
Number of reflections 121 152 
Refined parameters for 
profile/crystal structure  
19/6 19/6 
Atomic parameters   
Fe1 2a (¾, ¼, 0) 
Uiso = 1.00(2) 
2a (¾, ¼, 0) 
Uiso = 0.93(1) 
Fe2 2c (¼, ¼, z) 
z = 0.717(1) 
Uiso = 1.1(2) 
Occ. = 0.059(1) 
2c (¼, ¼, z) 
z = 0.7169(5) 
Uiso = 0.98(7) 
Occ. = 0.148(1) 
Te 2c (¼, ¼, z) 
z = 0.2805(1) 
Uiso = 1.09(1) 
2c (¼, ¼, z) 
z = 0.2841(1) 
Uiso = 1.11(1) 
 
     Figure 5.7 represents the unit cell of Fe1+yTe and the FeTe4 tetrahedral unit. For 
Fe1.06Te, the Fe1–Te bond length is 2.6012(2) Å and the two independent Te–Fe1–Te 
angels α and β are 94.60(1)˚ and 117.38(1)˚, respectively. These values indicate a 
substantial deviation from the ideal tetrahedral angle of 109.5˚ with the FeTe4 
tetrahedra being elongated in direction of the c–axis. The interstitial Fe2 atoms are 
coordinated to four Te atoms within the Fe-Te layer with bonds of 2.7035(1) Å and 
with an additional longer bond of 2.74(1) Å to Te in the neighboring Fe-Te layer. 
Upon increasing Fe content, the Fe1–Te bond length, the bond angle β and the height 
h between Fe and Te layers increase, while the bond angle α decreases. (Table 5.2) 
     Single crystals of Fe1+yTe were grown from polycrystalline material by chemical 
vapor transport using I2 as transport additive. An evacuated, sealed quartz ampoule 
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(diameter 20 mm, length 100 mm) was filled with a mixture of typically 2 g of 
Fe1+yTe powder and 10–20 mg of I2 in a capillary before being placed horizontally 
inside a two-zone furnace at temperatures from T2 = 1073 K to T1 = 1048–973 K. 
Typically, crystals were grown for 1 to 3 weeks. The product was washed with 
ethanol several times to remove residual condensed gas phase, dried under vacuum 
and stored in argon-filled glove boxes. The images of typical grown single crystals 
can be seen in Figure 5.8. As observed for β-FexSe, the tetragonal Fe1+yTe single 
crystals are plate-like or prism-like with the edge lengths perpendicular to the c–axis 
ranging typically from 100 μm to 4 mm after 3 weeks. The thickness in direction of 
the c–axis is usually thicker than that of the β-FexSe single crystals and amounts to 
some hundreds of micrometers. 
 
Table 5.2: Distances and bond angles within the FeTe4 tetrahedron for Fe1+yTe, y = 
0.06, 0.11, and 0.15 at 300 K. The distance between Fe1 and Te atoms is indicated are 
by d, and the anion height is represented by h. α and β are the Te–Fe1–Te tetrahedral 
bond angles.    
Compound Fe1.06Te Fe1.11Te Fe1.15Te 
d (Å) 2.6012(2) 2.6066(2) 2.6147(1) 
h (Å) 1.764 1.771 1.781 
α (degree) 94.60(1) 94.41(1) 94.14(1) 
β (degree) 117.38(1) 117.49(1) 117.64(1) 
 
 
 
Figure 5.7: Crystal structure of tetragonal Fe1+yTe with indicated unit cell (left) and 
FeTe4 tetrahedron (right) with Te Fe1 Te angles (space group P4/nmmz, 
displacement ellipsoids of 99% probability). Excess iron, y, (Fe2) is situated in the 
interstitial 2c sites within the tellurium planes. 
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Because of the non-stoichiometry, it was difficult to control the exact composition of 
the products. Different temperature gradients and transport additives, such as NH4I, 
GaI3, and TeCl4 did not help to optimize the composition of the end products so far. 
The growth mechanism is attributed to the reaction are similar to previous examples 
[149–151]:  
 
Fe1+yTe(s) + (1+y) I2(g)  (1+y) FeI2(g) + ½ Te2(g)   (5.1) 
 
Eq. 5.1 represents the formation of the gaseous species by the action of the iodine 
vapor on the source material which occurs at the hot end of the ampoule. The reverse 
reaction then represents the formation of solid iron telluride by the decomposition of 
the iron(II)iodide, which occurs at the cooler end of the ampoule. As mentioned 
above, composition control is difficult for crystal growth, however, a trend was 
observed during the experiments. The single crystals contain always ~ 2 % less iron 
than the starting composition. For example, polycrystalline materials with nominal 
compositions Fe1.13Te, Fe1.15Te and Fe1.16Te yield single crystals with WDXS 
composition of Fe1.087(7)Te, Fe1.114(5)Te and Fe1.133(3)Te, respectively. Here, we are 
aware that the difference between nominal composition of polycrystalline materials 
and WDXS analysis of single crystals are overlapping within the experimental error 
as observed in Figure 5.5. However, each single crystal with given WDXS 
compositions were characterized by their physical and magnetic properties and 
compared with the properties of well-defined polycrystalline samples. Results can be 
seen in Figure 9.8 (Appendix). It was concluded that the single crystals with WDXS 
composition of Fe1.087(7)Te, Fe1.114(5)Te and Fe1.133(3)Te are corresponding nominal 
compositions of Fe1.11Te, Fe1.12Te and Fe1.14Te, respectively. The details about 
physical and magnetic properties of each composition can be found in the following 
text. In addition to our observations, Rodriquez et al. reported that I2 can be used as an 
oxidant in the topotactic deintercalation of interstitial iron in Fe1+yTe and 
Fe1+yTe0.7Se0.3. [152–153] According to their results, iodine reacts with iron at 573 K 
to form FeI2. This might explain the composition difference of starting and end 
products in our chemical vapor transport reactions. For Fe1+yTe with y < 0.11, no 
tetragonal single crystals could be obtained so far using chemical vapor transport. For 
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those starting compositions (Fe1+yTe with y ≤ 0.11) most of the crystals show 
hexagonal shape (Figure 5.8c).      
 
 
Figure 5.8: Images of single crystals grown by the CVT method. (a) Big plate-like 
Fe1+yTe single crystals, (b) typical Fe1+yTe single crystals grown in a batch, (c) 
crystals with hexagonal shape.   
 
     Figure 5.9 displays the PXRD diagram of powdered crystals with hexagonal shape 
(CKo_182). The pattern cannot be indexed with any known compound of iron and 
tellurium listed in the Inorganic Crystal Structure Database (ICSD). [154] Besides, 
some of the reflections match with tetragonal Fe1+yTe. However, the crystal structure 
of the γ-phase (FeTe1.2 or FeTe1.1) in the Fe–Te phase diagram has not been 
established yet. [139, 141] According to the latest phase diagram constructed by 
Okamoto et al., this phase exists between 1082 K and 909 K with 54.2 at. % Te. [145] 
The compositions of these crystals with hexagonal shape were determined by WDXS 
analysis. The optical microscopy images of two crystals, K1 and K2, from same batch 
(CKo_182) are shown in the inset (a–b) of Figure 5.9. The polarized light images of 
crystals (inset b) show different domains probably formed with different orientations. 
Crystal K1 has impurity phase which can be seen in inset (c–d) as light gray regions 
in bright-field and polarized light images. The composition of the impurity phase is 
determined as Fe0.95(2)Te (or FeTe1.05(2)), while the new phase as the main component 
results as Fe0.82(1)Te (or FeTe1.22(1)). On the other hand, no impurity phase was 
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observed for crystal K2 on the investigated area and the WDXS composition is similar 
to K1 crystal, Fe0.82(1)Te (or FeTe1.22(1)). 
 
 
Figure 5.9: PXRD diagram of powdered crystals with hexagonal shape from same 
batch (CKo_182). Reflections corresponding to tetragonal Fe1+yTe are indicated by 
asterisks (*). The diffraction pattern is recorded using CoKα1 radiation (λ = 1.788965 
Å). The inset shows the bright-field (a, c) and polarized light (b, d) microscopy 
images of crystals with hexagonal shape.      
 
Our findings evidence that the crystals with hexagonal shape probably belong to γ-
phase with composition of FeTe1.2. When the presence of impurity phases are ignored 
the reflections of PXRD can be indexed as orthorhombic structure by WinXPOW 
software. [87] However, detailed investigations are necessary for crystal structure 
determination of γ-phase. Since the crystal growth of this phase is possible, further 
optimizations to obtain pure phase will be done and single crystal X-ray diffraction 
measurements on single phase crystals will be performed in future. 
5.2 Specific heat, magnetization, and resistivity of Fe1+yTe 
     More than 35 years ago, it was discovered that tetragonal Fe1.125Te orders 
antiferromagnetically with a commensurate magnetic structure at low temperature. 
Below the magnetic ordering temperature, the crystal lattice exhibits a monoclinic 
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distortion. [146] Later, it was shown for Fe1+yTe (y = 0.076 and 0.141) by on neutron 
diffraction measurements, that Fe1.076Te exhibits a structural distortion to the 
monoclinic phase (space group P21/m below TS ≈ 75 K) accompanied by a 
commensurate antiferromagnetic transition. With an increasing amount of interstitial 
Fe (y = 0.141), the wave vector changes to an incommensurate value, and the crystal 
structure adopts orthorhombic symmetry (space group Pmmn) at low temperatures. 
[16] In this section, the physical properties of several compositions within the 
homogeneity range of tetragonal Fe1+yTe will be presented to show how the properties 
change with the amount of iron. Later, these properties will be compared with 
structural changes at the corresponding compositions. 
     The temperature dependences of the specific heat of Fe1+yTe for y = 0.06−0.15 are 
presented in Figure 5.10a–5.10b. For y = 0.06, Cp(T) shows a sharp peak 
corresponding to a simultaneous magnetic and structural transition at TN  = TS ~ 70 K. 
The shape peak indicates a first order phase transition. [17, 155]  
 
 
Figure 5.10: Specific heat Cp(T) of Fe1+yTe for (a) y = 0.06, 0.08, and 0.10 and (b) y = 
0.11–0.15. The Cp(T) data for y = 0.115–0.15 are shifted for clarity. Arrows show the 
disappearing first-order phase transition upon increasing Fe composition. 
 
This transition temperature decreases monotonically to 60 K with y increasing to 0.10. 
With an increase in the amount of iron, the transition temperature is drastically 
suppressed with respect to that in Fe1.06Te. For y = 0.11, a peak corresponding to a 
simultaneous first-order magnetic and structural phase transition is observed at ≈ 58 
K. Upon further increase of the Fe content, two phase transitions can be distinguished. 
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Already for y = 0.115, these two transitions are well separated. For the composition 
Fe1.12Te, a λ−like second order phase transition at 57 K is followed by a first-order 
phase transition at 46 K, as reported previously for a single crystal with nominal 
composition Fe1.13Te. [156] Upon increasing Fe-content, the first-order phase 
transition at lower temperature disappears and for y = 0.14 only one transition is 
detected around 59 K with a characteristics of a continuous phase transition. The 
corresponding transition for y = 0.15 is found at a slightly increased temperature of 63 
K. 
     In Figure 5.11, the magnetic susceptibility and the inverse magnetic susceptibility 
of polycrystalline Fe1.06Te are shown. In our case, the 1/χ vs. T curve does not show 
the effect of temperature independent susceptibility χ0 at high temperatures. 
Therefore, in order to extract the effective moments, the dc-susceptibility χ(T) in the 
FC protocol is fitted to χ = C/(T − θ) in the temperature range 150−400 K after 
demagnetization correction. In the equation, C stands for the Curie constant and θ is 
the Curie-Weiss temperature. The diamagnetic susceptibilities of the ions Fe
2+
 (−13
10
−6
 emu/mol) and Te
2−
 (−70 10
−6
 emu/mol) were used for the demagnetization 
correction. [157] It is known that in Fe-containing samples, data analysis is often 
hampered by the contribution of a ferromagnetic impurity, [26, 155–159] and the 
inverse susceptibility in the paramagnetic regime can thus be field dependent. 
However, in our case the overlapping magnetic susceptibility at μ0H = 3.5 T and 7 T 
shows that the susceptibility is field independent. This indicates that the sample does 
not contain ferromagnetic impurities. The effective magnetic moment μeff in the 
paramagnetic state was calculated from the Curie constant according to C =
2
effN /3kB, 
with N being the Avogadro number and kB the Boltzmann constant. The fitting 
parameters and estimated amounts of unreacted α-Fe in the samples are listed in Table 
5.3 for several compositions. The large Curie-Weiss temperature θ of –202 K suggests 
dominant antiferromagnetic (AFM) interactions for Fe1.06Te. With increasing amount 
of interstitial Fe, θ increases to –153 K for Fe1.15Te and the effective magnetic 
moment μeff increases from 3.61μB to 4.40μB. The findings of our calculations are 
generally in conformity with the reported results. [160] The estimated effective 
magnetic moments are between the low-spin (2.83 μB, S = 1) and high-spin (4.90 μB, S 
= 2) values of Fe
2+
 (3d
 6
) in a tetragonal system. The value of 3.91 μB for y = 0.11 
corresponding to S = 3/2 is in good agreement with recent analysis. [161–163] X-ray 
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magnetic circular dichroism (XMCD) data measured at beamline ID08 at the ESRF 
(Grenoble, France) show that the oxidation state of Fe is 2+ in Fe1.14Te single crystals 
(Figure 9.9, see Appendix). It confirms that there is no contribution from Fe
3+
 and the 
calculated effective moments are based on Fe
2+
 only. 
 
 
 
Figure 5.11: The magnetic susceptibility (FC protocol, μ0H = 3.5 T and μ0H = 7 T) 
and the inverse magnetic susceptibility (μ0H = 7 T) vs. temperature of polycrystalline 
Fe1.06Te. The red line represents the linear fit to 1/χ vs. T in the range 150 K ≤ T ≤ 400 
K.   
 
Table 5.3: The Curie constant C and the Weiss temperature θ as estimated from 
fitting a Curie-Weiss law to the inverse magnetic susceptibility data within the 
temperature range 150 K ≤ T ≤ 400 K for Fe1+yTe (y = 0.06–0.15) at μ0H = 7 T. The 
amount of unreacted α-Fe were estimated using isothermal magnetization loops at 300 
K as described in Chapters 3&4. Transition temperatures, TN, were determined with 
specific heat measurements. 
 y 
(nominal) 
TN 
(K) 
C 
(K emu/mol) 
θ 
 (K) 
μeff 
(μB) 
α-Fe amount 
(ppm) 
0.06 ~ 70 1.62 –202 3.61 40 
0.08 ~ 65 1.75 –177 3.76 10 
0.11 ~ 58 1.90 –165 3.91 10 
0.13 ~ 57 2.17 –163 4.18 10 
0.15 ~ 63 2.40 –153 4.40 30 
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Figure 5.12: Magnetic susceptibility of Fe1+yTe for y = 0.08, 0.11–0.15 measured in a 
magnetic field of 0.1 T using a field-cooling (FC) and warming protocol. 
 
     Figure 5.12 displays the temperature dependence of the magnetic susceptibility 
measured in a magnetic field of 0.1 T in field cooling (FC) protocol for y = 0.08, 
0.11–0.15. The magnitude of χ rises with increasing y because interstitial Fe has a 
large magnetic moment. [164] The transition temperatures obtained from specific heat 
and susceptibility measurements are in good agreement. The cooling and warming 
cycles in the susceptibility measurements exhibit a small thermal hysteresis for 
Fe1.08Te (ΔT ≈ 0.2 K). The difference is more pronounced for Fe1.11Te, which is 
typical for first order phase transition (Figure 5.12a–5.12b). This thermal hysteresis in 
χ is broader for samples with y = 0.12 and 0.13 for which specific heat measurements 
indicate the presence of two consecutive phase transitions. For even higher values of y 
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(y = 0.14, 0.15), in Figures 5.12e–5.12f, there is no thermal hysteresis in the magnetic 
susceptibility measurement. Such a behavior is in accordance with a continuous 
(second order) phase transition. 
     Figure 5.13 presents a summary of the temperature dependence of the normalized 
resistance (R/R300 K) measured upon heating. Below the phase transition temperatures, 
Fe1+yTe with y ≤ 0.11 show a metallic behavior, while samples with higher Fe content, 
y ≥ 0.14, display a semiconductor like behavior, i.e. increasing resistivity with 
decreasing temperature. In Fig. 5.14, resistivity measurements performed in both 
heating and cooling protocols for Fe1+yTe with y = 0.11, 0.12, 0.13, and 0.14 are 
presented. The thermal hysteresis observed for samples with y = 0.11, 0.12, and 0.13 
in the resistivity measurements (Figures 5.14a−5.14c) are very similar to those 
observed in χ(T) for the same compositions. The absence of a thermal hysteresis for 
the sample y = 0.14, Figure 5.14d, as well as for samples with larger Fe content (not 
shown) is in accordance with the expectation for a second order phase transition.  
 
 
Figure 5.13: The normalized resistance (R/R300 K) of Fe1+yTe, y = 0.08, 0.11–0.15 
upon heating. The R/R300 K data for y = 0.14 and 0.15 are multiplied by a factor of 1.25 
and 1.5, respectively, for clarity. 
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Figure 5.14: Resistivity as a function of temperature for Fe1+yTe measured in heating 
and cooling cycles. (a) y = 0.11, (b) y = 0.12, (c) y = 0.13, and (d) y = 0.14. 
 
5.3 Low-temperature structural transitions and phase diagram of Fe1+yTe 
     In order to correlate the physical properties with the crystal structures, we 
performed high-resolution synchrotron X-ray diffraction experiments of 
polycrystalline samples Fe1+yTe for y = 0.08, 0.11, 0.12, 0.13, 0.14 and 0.15 at low-
temperatures. It is well established from neutron diffraction, [16–17] specific heat, 
[156] magnetization, and transport studies [148] that for samples with y < 0.11, the 
transition is first order and adopts monoclinic structure (P21/m) at low temperatures. 
Here, we present the low-temperature PXRD data of Fe1.08Te as an example for this 
region. In the following text, we will focus on Fe1+yTe compositions around the 
tricritical (or Lifshitz) point in the phase diagram where the first-order phase 
transition gives way to a second order transition (or the commensurate 
antiferromagnetic order changes into an incommensurate one). [142, 163]  
     Figure 5.15 shows a full-profile refinement of PXRD data of Fe1.08Te which 
confirms a temperature-induced transformation from tetragonal (space group P4/nmm 
at 285 K) into the monoclinic phase (P21/m at 20 K) at low temperature. Consistent 
with earlier results [16], the phase transition is obvious from a clear splitting of the 
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Bragg peaks like (112) and (200), see the inset of lower panel in Figure 5.15.  Refined 
structural parameters at 285 and 20 K are presented in Table 5.4. 
 
 
Figure 5.15: Refined PXRD patterns of Fe1.08Te at temperatures above (285 K) and 
below (20 K) the phase transition. Black and red lines show experimental and 
calculated powder X-ray diffraction intensities, respectively. 
 
     For careful investigations around the tricritical point of the phase diagram, high-
resolution synchrotron X-ray diffraction of the polycrystalline Fe1+yTe samples for y = 
0.11, 0.12, 0.13, 0.14 and 0.15 were performed from 10 to 70 K with 2 K temperature 
intervals. Figure 5.16 represents a selected region of PXRD patterns for the (112) and 
(200) Bragg reflections of Fe1.11Te in the temperature regime 38−58 K during cooling. 
The peak splitting of both the (200) and the (112) Bragg reflections is characteristic of 
the monoclinic (P21/m) phase transition in the Fe1+yTe system. In Figure 5.16, a 
broadening of the (200) reflection can be seen at 56 K, while the peak splits into (200) 
and (020) at 54 K. The broadening of the (112) reflection is visible at 52 K and the 
splitting into (112) and (–112) becomes more pronounced at lower temperatures. A 
full-profile refinement of PXRD data of Fe1.11Te at room temperature and 10 K are 
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given in Figure 5.17. According to the Rietveld refinement, the composition is 
determined as Fe1.108(1)Te, which is consistent with the nominal composition. The 
refined data confirm the temperature-induced transformation from tetragonal 
(P4/nmm at 293 K) to the monoclinic phase (P21/m at 10 K). Refined parameters of 
the crystal structures are represented in Table 5.5. 
 
Table 5.4: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.08Te in the tetragonal phase at 285 K and in the monoclinic phase at 20 K. 
Rietveld refinements were performed with JANA2006. Atomic displacement 
parameters, Uiso, are given in 10
–2 
Å
2
. Fe1 and Te are assumed as fully occupied and 
the occupancy parameters of these atoms are fixed to 1. 
T (K) 285 20 
Space group P4/nmmz P21/m 
a (Å) 3.82326(4) 3.8337(1) 
b (Å)  = a 3.7893(1) 
c (Å) 6.2824(1) 6.2594(1) 
β (degree) 90 90.661(1) 
Robs/Rp 0.022/0.067 0.015/0.095 
Number of reflections 121 361 
Refined parameters for 
profile/crystal structure  
20/6 29/11 
Atomic parameters   
Fe1 2a (¾, ¼, 0) 
 
 
Uiso = 0.93(2) 
2e (x, ¼, z) 
x = 0.7379(4) 
z = 0.0014(3) 
Uiso = 0.23(2) 
Fe2
*
 2c (¼, ¼, z) 
 
z = 0.720(1) 
Uiso = 0.9(1) 
2e (x, ¼, z) 
x = 0.238(4) 
z = 0.719(2) 
Uiso = 0.4(2) 
Te 2c (¼, ¼, z) 
 
z = 0.2807(6) 
Uiso = 1.08(1) 
2e (x, ¼, z) 
x = 0.2431(2) 
z = 0.2810(1) 
Uiso = 0.21(1) 
*
 Atomic displacement parameters, Uiso, and occupancies are intrinsically correlated 
and, therefore, cannot be refined independently. Rietveld refinements performed with 
the nominal composition Fe1.08Te yielded unreasonably small or even negative values 
for Uiso. Realistic values of Uiso could be obtained with Occ. (Fe2) = 0.09 
corresponding to Fe1.09Te.
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Figure 5.16: Representative PXRD patterns of Fe1.11Te in the temperature regime 38–
58 K for the (112) and (200) Bragg reflections. The green and red curves indicate an 
onset of orthorhombic and monoclinic distortions, respectively. 
 
 
Figure 5.17: Refined PXRD patterns of Fe1.11Te at temperatures above (293 K) and 
below (10 K) the phase transition. Black and red lines show experimental and 
calculated X-ray powder diffraction intensities, respectively. 
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Table 5.5: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.11Te in the tetragonal phase at 293 K and in the monoclinic phase at 10 K. 
Rietveld refinements were performed with JANA2006. Atomic displacement 
parameters, Uiso, are given in 10
–2 
Å
2
. Fe1 and Te are assumed as fully occupied and 
the occupancy parameters of these atoms are fixed to 1. 
T (K) 293 10 
Space group P4/nmmz P21/m 
a (Å) 3.8253(3) 3.8368(1) 
b (Å)  = a 3.7873(1) 
c (Å) 6.2787(1) 6.2541(1) 
β (degree) 90 90.668(1) 
Robs/Rp 0.015/0.060 0.015/0.089 
Number of reflections 81 323 
Refined parameters for 
profile/crystal structure  
21/5 30/10 
Atomic parameters   
Fe1 2a (¾, ¼, 0) 
 
 
Uiso = 0.83(2) 
2e (x, ¼, z) 
x = 0.7368(4) 
z = 0.0004(3) 
Uiso = 0.68(3) 
Fe2 2c (¼, ¼, z) 
 
z = 0.717(1) 
Uiso = 0.92(2) 
Occ. = 0.108(1) 
2e (x, ¼, z) 
x = 0.277(3) 
z = 0.715(2) 
Uiso = 1.1(2) 
Occ. = 0.108(0) 
Te 2c (¼, ¼, z) 
 
z = 0.2821(1) 
Uiso = 0.94(1) 
2e (x, ¼, z) 
x = 0.2434(2) 
z = 0.2827(1) 
Uiso = 0.75(1) 
 
     In the case of Fe1.12Te with two distinct phase transitions, the broadening of the 
(200) reflection starts at around 54 K and the splitting is visible at 50 K (Figure 
5.18a). However, for the (112) peak, no apparent change of the peak shape was 
observed down to 42 K, see Figure 5.18b. Below 42 K, the (112) peak starts 
broadening but no clear splitting is observed even at the base temperature, 10 K, in 
contrast to Fe1.11Te. Our observations confirm that Fe1.12Te consists of a mixture of 
orthorhombic (Pmmn) and monoclinic (P21/m) phases at low temperature, as reported 
by Rodriguez et al. [142] The λ−like second order phase transition at 57 K is 
associated with the structural phase transition from tetragonal to orthorhombic 
symmetry, while the first-order phase transition observed in the specific heat 
measurements at 46 K corresponds to an orthorhombic to monoclinic phase transition. 
The latter phase transition in Fe1.12Te is sluggish because of a strong competition 
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between orthorhombic and monoclinic phases. The presence of a phase mixture at low 
temperatures suggests that there are kinetic barriers to the first order phase transition 
with metastable states persisting over long periods of time.  
 
 
Figure 5.18: Representative PXRD patterns of Fe1.12Te in the temperature regime 18–
60 K. (a) The region of the (200) reflection between 46 and 60 K. (b) The combined 
region of (112) and (200) reflections between 18 and 48 K. The green and red curves 
indicate the onset of orthorhombic and monoclinic distortions, respectively. 
 
The powder X-ray diffraction patterns of Fe1.12Te and Fe1.13Te at several temperatures 
were investigated by Rietveld refinement to determine the crystal structure at different 
temperatures. At 70 K, the PXRD pattern can be refined as a single tetragonal phase. 
However, at 10 K, the PXRD pattern of Fe1.12Te can only be fitted reasonably as a 
mixture of orthorhombic and monoclinic phases (Figure 5.19). However, a substantial 
overlap of all reflections of the orthorhombic and monoclinic phases makes the 
refinement of their molar ratio somewhat ambiguous, especially at temperatures right 
below the transition, where the difference in the lattice parameters of the two phases is 
very small. At 10 K, the reflections of the two phases are better separated, (see the 
bottom part of Figure 5.19), and we obtain the relative phase fractions (in wt. %) of 
65(1) % and 35(1) % for the monoclinic and orthorhombic phases, respectively. Here, 
weight also corresponds to molar ratio since the mass of the phases is the same. The 
details of the refinement of Fe1.12Te are compiled in Table 5.6. For Fe1.13Te, a two-
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phase refinement of the diffraction pattern taken at 34 K also gives minimum R-
values for relative fractions of 65 % monoclinic and 35 % orthorhombic phases. 
According to earlier results, for Fe1.13Te, the estimated population of orthorhombic 
phase at 5 K is 20−30% which is close to our results at 10 K. [143] 
 
 
Figure 5.19: Refined PXRD patterns of Fe1.12Te at temperatures above (70 K) and 
below (10 K) the phase transition. At 10 K, the upper and lower Bragg reflections 
represent monoclinic and orthorhombic structures, respectively. Black and red lines 
show experimental and calculated X-ray powder diffraction intensities, respectively. 
 
     At higher Fe content, y = 0.15, the broadening of the (200) peak appears at 56 K 
and visible splitting is monitored at around 54 K (Figure 5.20). As expected for an 
orthorhombic symmetry, the (112) peak does not exhibit broadening or splitting even 
at the lowest measured temperature. Refined synchrotron PXRD patterns of Fe1.15Te 
at room temperature and 10 K are given in Figure 5.21. At 10 K, the PXRD pattern of 
Fe1.15Te can be refined assuming a pure orthorhombic phase. Refined parameters of 
the crystal structures at 293 and 10 K are listed in Table 5.7. 
 
  Chapter 5: Iron Telluride: Fe1+yTe 
 _____________________________________________________________________  
71 
 
Table 5.6: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.12Te in the tetragonal phase at 70 K and in the mixed phase at 10 K. Rietveld 
refinements were performed with JANA2006. Atomic displacement parameters, Uiso, 
are given in 10
–2 
Å
2
. Fe1 and Te are assumed as fully occupied and the occupancy 
parameters of these atoms are fixed to 1. 
T (K) 70 10 10 
Space group P4/nmmz P21/m Pmmn 
a (Å) 3.8120(1) 3.83845(4) 3.82971(1) 
b (Å)  = a 3.78807(3) 3.79463(1) 
c (Å) 6.2512(1) 6.25193(5) 6.2521(1) 
β (degree) 90 90.649(1) 90 
Robs/Rp 0.013/0.084 0.013/0.054 0.008/0.054 
Number of reflections 80 232 133 
Refined parameters for 
profile/crystal structure  
22/5 36/11 36/11 
Atomic parameters    
Fe1 2a (¾, ¼, 0) 
 
 
Uiso = 0.34(2) 
2e (x, ¼, z) 
x = 0.7378(3) 
z = 0.0019(3) 
Uiso = 0.2(0) 
2b (¾, ¼, z) 
 
z = 0.0042(7) 
Uiso = 0.2(0) 
Fe2
*
 2c (¼, ¼, z) 
 
z = 0.720(1) 
Uiso = 0.3(0) 
2e (x, ¼, z) 
x = 0.258(3) 
z = 0.714(2) 
Uiso = 0.2(0) 
2a (¼, ¼, z) 
 
z = 0.745(3) 
Uiso = 0.2(0) 
Te 2c (¼, ¼, z) 
 
z = 0.2832(1) 
Uiso = 0.37(1) 
2e (x, ¼, z) 
x = 0.2432(2) 
z = 0.2842(1) 
Uiso = 0.2(0) 
2a (¼, ¼, z) 
 
z = 0.2805(3) 
Uiso = 0.2(0) 
*
 For the refinement involving two phases, the occupancy of the Fe2 site was fixed at 
y = 0.12 and thermal displacement parameters of each atom was fixed at Uiso = 0.002 
Å
–2
 at 10 K. 
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Figure 5.20: Representative PXRD patterns of Fe1.15Te for the (112) and (200) Bragg 
reflections in the temperature regime 38–62 K. Broadening of the (200) peak sets in at 
56 K (green line). 
 
 
Figure 5.21: Refined PXRD patterns of Fe1.15Te at temperatures above (293 K) and 
below (10 K) the phase transition. 
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Table 5.7: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.15Te in the tetragonal phase at 293 K and in the orthorhombic phase at 10 K. 
Rietveld refinements were performed with JANA2006. Atomic displacement 
parameters, Uiso, are given in 10
–2 
Å
2
. Fe1 and Te are assumed as fully occupied and 
the occupancy parameters of these atoms are fixed to 1. 
T (K) 293 10 
Space group P4/nmmz Pmmn 
a (Å) 3.82835(3) 3.81971(3) 
b (Å)  = a 3.79288(3) 
c (Å) 6.27019(4) 6.25288(5) 
β (degree) 90 90 
Robs/Rp 0.022/0.067 0.021/0.073 
Number of reflections 152 133 
Refined parameters for 
profile/crystal structure  
22/5 24/7 
Atomic parameters   
Fe1 2a (¾, ¼, 0) 
 
Uiso = 0.94(1) 
2b (¾, ¼, z) 
z = 0.0020(2) 
Uiso = 0.6(2) 
Fe2 2c (¼, ¼, z) 
z = 0.7175(5) 
Uiso = 0.80(7) 
Occ. = 0.152(1) 
2a (¼, ¼, z) 
z = 0.716(1) 
Uiso = 0.5(1) 
Occ. = 0.152(0) 
Te 2c (¼, ¼, z) 
z = 0.28400(3) 
Uiso = 1.09(1) 
2a (¼, ¼, z) 
z = 0.28490(5) 
Uiso = 0.54(1) 
 
     We analyzed the full-width at half maximum (FWHM) of selected reflections 
below 70 K for all studied compositions in order to detect broadening and/or splitting 
of the reflections. The (112) and (200) reflections were selected as identification of 
symmetry breaking whereas (003) was taken as a reference because its peak shape 
does not change across the structural transitions. Results are shown in Figure 5.22. 
Here, Δ is described as the sum of the peak FWHM plus the separation of the peak 
maxima in case of visible splitting, i.e. a value which increases significantly upon 
peak splitting. [165] In Figure 5.22a, sharp changes for the (112) and the (200) 
reflections are observed below the transition temperature. In Figure 5.22b, the 
magnitude of the FWHM of both reflections starts to increase almost at the same 
temperature around 58 K. In contrast, the separation between the transitions is more 
pronounced for the composition Fe1.12Te, see Figure 5.22c: The (200) reflection 
broadens at ≈ 57 K whereas the value for FWHM of the (112) remains constant until 
46 K. These temperatures are in conformity with the specific heat measurements. For 
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Fe1.13Te, (Figure 9.10a in Appendix) a weak broadening in the (112) reflection starts 
below 40 K, which coincides with the weak first-order phase transition monitored 
around the same temperature in the specific heat. In Figure 5.22d, for y = 0.14, no 
change in the (112) reflections is observed while the broadening of the (200) 
reflection is quite obvious because of the transition into orthorhombic symmetry. But 
the changes in the FWHM values of the (200) reflections for both y = 0.14 and y = 
0.15 (Figure 9.10b in Appendix) compositions were observed at 3−4 K lower than the 
corresponding antiferromagnetic ordering temperature TN. The FWHM analyses, in 
general, show that the onset temperatures of the phase transitions determined by heat 
capacity measurements are in conformity with the results of synchrotron PXRD 
measurements.  
 
 
Figure 5.22: FWHM of powder X-ray diffraction peaks of Fe1+yTe, y = 0.08, 0.11, 
0.12, and 0.14 at 10 K ≤ T ≤ 70 K. (a)–(c) The broadening of the reflections (112) and 
(200) demonstrates a monoclinic distortion at low temperatures, whereas in (d) 
constant values for (112) indicate an orthorhombic low-temperature phase for y = 
0.14. Dashed lines in (b) are drawn to mark the temperatures at which phase 
transitions occurs in the thermodynamic measurements.  
 
     In Figures 5.23a–5.23b, the selected region of PXRD patterns for the (112) and 
(200) Bragg reflections of Fe1+yTe, y = 0.11−0.15, are given at 10 K and 30 K to 
summarize the low-temperature behaviors of different compositions. Figure 5.23b 
indicates that the samples Fe1+yTe with y ≥ 0.14 are orthorhombic while Fe1.11Te is in 
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a monoclinic phase already at 30 K. For Fe1.12Te, the peak broadening pattern is 
consistent with a mixture of orthorhombic and monoclinic phases. 
 
 
Figure 5.23: Representative PXRD patterns of Fe1+yTe, y = 0.11–0.15 at (a) 10 K and 
(b) 30 K. For y = 0.11, both (200) and (112) peaks are clearly split at low 
temperatures, confirming the monoclinic structure. In comparison, the (112) peak of 
Fe1.12Te is broadened but not clearly split (specifically at 30 K). This, in combination 
with the obvious separation of (200) and (020) peaks, is consistent with a mixture of 
orthorhombic and monoclinic phases at 10 K. For y ≥ 0.14, the narrow (112) peak 
confirms a pure orthorhombic phase at 30 and 10 K. 
 
     Our results on Fe1.12Te confirms the idea of a two-step evolution of the crystal 
structure from tetragonal via orthorhombic to monoclinic. [143] In previous report on 
Fe1.13Te single crystals, [156] only one structural phase transition was identified 
within the magnetically ordered phase, while the present detailed investigations 
suggest that the low-temperature transition from orthorhombic to monoclinic phase is 
sluggish and a phase mixture persists even at 10 K for these compositions. The 
presence of a phase mixture in two samples naturally raises a question about the 
variation in the Fe-composition in each sample, which is about 1−2 % in our sample 
according to our ICP analysis. Although this can lead to a chemical phase separation, 
we did not observe any phase separation in the BSE images. Further, the physical 
property measurements also did not give any evidence for a chemical phase 
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separation. By these arguments, we suggest that the crystallographic phase mixture 
observed at low temperature for Fe1.12Te and Fe1.13Te originates from the slow 
kinetics of the first-order phase transition from the orthorhombic to monoclinic phase. 
According to Martinelli et al. [155] and our results, for the lower Fe contents, y < 
0.11, the phase transition from tetragonal to monoclinic does not need an intermediate 
phase (orthorhombic) formation. But in the vicinity of the tricritical point, the 
intermediate orthorhombic phase slowly transforms towards monoclinic symmetry.  
 
 
Figure 5.24: Temperature dependence of lattice parameters a, b, c, and volume for y 
= 0.11 and y = 0.14. (a)–(c) Transition from tetragonal to monoclinic symmetry for y 
= 0.11. (d)–(f) Phase transition into orthorhombic symmetry for y = 0.14. The values 
of a0(T) and c0(T) are obtained by linear fits to the cell parameters above the transition 
temperature, which were then extrapolated to temperatures below the phase transition. 
V0 was calculated by using the a0 and c0 values.   
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     For a comparison of the metrical changes, the temperature dependence of the 
lattice parameters obtained from the refinements of two compositions y = 0.11 and 
0.14 upon cooling are summarized in Figures 5.24a−5.24f. The splitting of the lattice 
parameter a at around TN is quite pronounced but remains almost constant throughout 
the monoclinic phase. In the orthorhombic phase, the difference between lattice 
parameters a and b is significantly smaller (Figure 5.24d). The difference between the 
first-order and second order phase transitions can be clearly seen in the c parameters: 
For the phase transition into monoclinic symmetry, the increase of the c parameter is 
sudden at around TN (Figure 5.24b), whereas for the orthorhombic phase transition it 
changes smoothly (see Figure 5.24e). For further information on the lattice parameters 
change of other compositions of our samples see Ref. 166. The temperature evolution 
of bond distances and angles between atoms of Fe1.11Te and Fe1.14Te are presented in 
Figure 5.25. For clarity, some temperature points above and below transition 
temperatures of samples were selected. 
 
 
Figure 5.25: Temperature dependence of distances and angles between atoms of (a)–
(b) Fe1.11Te and (c)–(d) Fe1.14Te. The deviations in bond angles are smaller than the 
symbol size. Dotted lines are guides for the eye. 
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The distances between Fe1 atom and its nearest neighbors (Te atoms in FeTe4 
tetrahedron and other nearest Fe1 atoms in the iron layer) behave differently for 
Fe1.11Te and Fe1.14Te as a function of temperature (see Figures 5.25a and 5.25c). 
Similar behaviors are observed for the Te–Fe1–Te bond angles in FeTe4 tetrahedron 
for these samples in Figures 5.25b and 5.25d. 
     By using the evolution of lattice parameters with temperature, spontaneous strain 
analyses of the structural transitions in Fe1.11Te and Fe1.14Te were performed. 
Spontaneous strain, es, is described by the deformation or the lattice distortion of the 
crystal structure generated by the phase transition. The spontaneous strain consists of 
up to six independent components which are subject to constraints of symmetry. [167] 
The strain components derived for the phase transitions of Fe1+yTe are given in the 
following text. The three equations (eq. 5.2–5.4) below are valid for both structural 
transitions P4/nmm → Pmmn and P4/nmm → P21/m. The cell parameters of the low 
symmetry phases are given as a, b, and c in the equations. The cell parameters a0 (= 
b0) and c0 are those that a tetragonal phase would adopt at the same temperature. The 
values are obtained by linear fits to the cell parameters above the phase transition 
temperature, and extrapolation to temperatures below the phase transition.  
 
1
0
111
a
a
ee      (5.2) 
1
0
222
b
b
ee   (
00 ba )    (5.3) 
1sin
0
333
c
c
ee      (5.4) 
 
In addition to these three, there is another tensor component, e5, for the tetragonal to 
monoclinic phase transition where β is the angle between ab–plane and c–axis 
 
cos2
0
135
c
c
ee      (5.5) 
 
In the tetragonal to orthorhombic phase transitions, the conditions 
2211 ee  and 
033e  hold in good approximation. According to the data in Figure 5.24d and 5.24e, 
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these conditions are provided. However, the contributions of non-symmetry-breaking 
strain are taken into account with the following equations. The definition of total 
strain (ei,tot) is the sum of symmetry-breaking and non-symmetry-breaking 
components, ei,tot = ei,sb + ei,nsb and by the symmetry relationship between the phases 
e11,nsb = e22,nsb and e11,sb = −e22,sb are expected. [168] By implying that symmetry- and 
non-symmetry-breaking components of phase transitions can be calculated as 
 
)(
2
1
,22,11,11,1 tottotsbsb eeee        (5.6) 
)(
2
1
,22,11,11,1 tottotnsbnsb eeee    (5.7) 
totnsbnsb eee ,33,33,3       (5.8) 
 
and the spontaneous strain is defined as [167] 
 
2
is ee        (5.9) 
Finally, in this example, the volume strain accompanying the structural transition 
becomes 
  
0
0
,
V
VV
eV
i
nsbis      (5.10) 
 
Figure 5.26 shows the variation of the spontaneous strain es, of the individual strain 
components and of the volume strain Vs through the phase transition of Fe1.11Te and 
Fe1.14Te. In Figure 5.26a, the steep increase of es and e5 below the transition 
temperature suggest first order behavior, although Fe1.11Te is close to the tricritical 
point in the phase diagram. The relation between the order parameter, Q, and the 
proper spontaneous strain (in this case it is described by the tensor component e5, for 
details see Ref. 169 and Appendix of Ref. 167) was investigated. The expected 
relation is given in the following where TS is the temperature of structural transition 
and β = 1/4 [169]    
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222
5 )( TTQe S  
 
The fit of 2
5e vs. T curve results β = 0.24(2), implying that the transition conforms to 
Landau tricritical behavior ( TTQ S
4
).
 In the tetragonal to orthorhombic phase 
transition, the following relation between the spontaneous strain parameter es and 
order parameter Q is observed in several cases for a second order character where 
β=1/2 [169–171] 
 
   222
21
2 )()( TTQeee Ss   
 
From the curve fits of 2
se  vs. T and (e1 – e2)
2
 vs. T data of Fe1.14Te, the calculated 
value β = 0.46(2), which confirms the second order transition for this composition. 
The sequence of maximal subgroups for the high- to low-symmetry transition in 
Fe1+yTe is P4/nmm → Pmmn → P21/m. Thus, the orthorhombic phase, Pmmn, is a 
maximal subgroup of P4/nmm and, according to Landau theory, is allowed to be 
second order.  
 
 
Figure 5.26: Evaluation of spontaneous strain es, the individual strain components 
and volume strain Vs through the phase transition of (a) Fe1.11Te and (b) Fe1.14Te. 
 
     On the basis of our results, we propose a temperature-composition phase diagram 
of Fe1+yTe, Figure 5.27. For y ≤ 0.11, the paramagnetic tetragonal phase transforms 
into the monoclinic commensurate antiferromagnetic form without an intermediate 
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phase and TN decreases from 69 K to 58 K with increasing Fe amount. A tricritical 
point is situated close to the composition y ≈ 0.11 in the phase diagram which is 
confirmed by physical property measurements and a spontaneous strain analysis. At 
composition, y = 0.115, a two-step phase evolution is apparent. At 10 K, for 0.12 ≤ y 
≤ 0.13, the materials are composed of a mixture of monoclinic and orthorhombic 
phase. The temperature difference between these transitions becomes more distinct 
upon increasing Fe amount. For y > 0.13, the phase transition from orthorhombic to 
monoclinic disappears and only a single phase transition is observed. The latter is a 
second order phase transition from the tetragonal paramagnetic to the orthorhombic 
incommensurate antiferromagnetic structure, which is in accordance with the findings 
of neutron scattering experiments. [142] 
 
 
Figure 5.27: Temperature-composition phase diagram of Fe1+yTe. AFM and IC AFM 
stand for antiferromagnetic and incommensurate antiferromagnetic phase, 
respectively. The neutron diffraction data of Ref. 142 was used for labeling the 
antiferromagnetic phases in the diagram. The data points represent the transition 
temperatures determined from the specific heat measurements. Blue and red symbols 
represent first-order and second order phase transitions, respectively.  
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5.4 Conclusions 
     In conclusion, the homogeneity range of tetragonal Fe1+yTe was reinvestigated on 
prepared polycrystalline materials and narrowed down to 0.060(5) < y < 0.155(5) for 
the nominal composition, which is clearly smaller than the range previously reported. 
The characterization of single-phase samples by WDXS and ICP analyses reveal that 
the determined compositions yield typically 1−2 % error for the amount of iron. 
However, the physical and magnetic properties of each nominal composition show 
unique properties, like magnetic and structural transition temperatures. Single crystal 
growth of tetragonal Fe1+yTe is succeeded by chemical vapor transport using iodine as 
a transport additive when 0.11 ≤ y ≤ 0.14. Low-temperature synchrotron X-ray 
diffraction of Fe1+yTe with physical property measurements evidenced a tricitical 
point in the phase diagram. The detailed analysis of the powder diffraction patterns 
and the temperature dependence of the peak-widths in Fe1+yTe showed that two-step 
structural and magnetic phase transitions occur within the compositional range 0.11 < 
y ≤ 0.13. The phase transitions are sluggish indicating a strong competition between 
the orthorhombic and the monoclinic phases. Finally, high-resolution diffraction 
experiments are combined with specific heat, resistivity, and magnetization 
measurements and a temperature-composition phase diagram of Fe1+yTe is presented. 
For y ≤ 0.11, a coinciding magnetic and structural phase transition occurs. For 0.12 ≤ 
y ≤ 0.13 the transition into the orthorhombic crystal symmetry is followed by a two-
phase region at even lower temperature where a monoclinic phase is also found. In 
this compositional region, the two phase transitions have both magnetic and structural 
components. The coupled magnetic and structural transitions indicate a strong 
magnetoelastic coupling in this system.  
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Chapter 6  
 
Pressure Effects on Fe1+yTe 
 
     In addition to the composition parameter, the physical and structural properties of 
Fe-based superconductors display strong pressure dependence. [19] Recently, 
resistivity and magnetization of tetragonal Fe1+yTe were investigated under pressure. 
[23, 172] However, Okada et al. didn’t observe superconductivity up to 19 GPa for 
bulk FeTe0.92 (corresponding to Fe1.086Te). [23] Moreover, magnetic and resistivity 
anomalies observed in a high-pressure study of FeTe0.92 suggested the presence of two 
pressure-induced phases at low temperatures. [23] On the other hand, 
superconductivity has been observed in iron telluride thin films under tensile stress at 
Tc = 13 K. [173] So far, high-pressure structural investigations on Fe1+yTe are limited 
to ambient temperatures. A pressure-induced tetragonal lattice collapse has been 
reported for Fe1.05Te and Fe1.087Te at 300 K at a pressure of about 4 GPa. [174–175] 
This collapsed tetragonal phase was found to be stable up to a pressure of 10 GPa. In 
this chapter, the effects of hydrostatic pressure on the temperature-induced phase 
transitions of Fe1+yTe (y = 0.08, 0.12 and 0.14) are investigated. Structural phase 
transitions were studied using synchrotron powder X-ray diffraction (PXRD) in 
diamond anvil cells at the ESRF, Grenoble. Resistivity measurements of Fe1.08Te 
under pressure were performed by Kamal Mydeen and Michael Nicklas at the MPI 
CPfS.   
6.1 Pressure-induced structural transitions of Fe1.08Te at low temperature 
     In Chapter 5, it was presented that Fe1.08Te shows a sharp first-order transition at 
Ts ≈ 65 K in the heat capacity Cp(T) accompanied by an anomaly in the temperature 
dependence of the electrical resistivity ρ(T) and the magnetic susceptibility χ(T), 
corresponding to a simultaneous magnetic and structural transition. Full-profile 
refinements of PXRD data of Fe1.08Te at ambient pressure confirm a temperature-
induced transformation from tetragonal (space group P4/nmm at 285 K) into the 
monoclinic phase (P21/m at 20 K) at low temperature (Figure 5.15). In order to 
investigate the phase transitions of Fe1.08Te under pressure at low temperatures, 
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PXRD experiments were performed at the beam line ID09A of the ESRF (λ = 
0.415165 Å for isobaric measurements and λ = 0.414400 Å for pressure scans at T = 
40 K, respectively) on powdered polycrystalline material of Fe1.08Te. High pressures 
were generated by means of membrane-type diamond anvil cells with liquid helium as 
a pressure transmitting medium. Pressure was determined by the ruby fluorescence 
method. Maximum deviation of the pressure before and after diffraction experiment is 
about 0.05 GPa. A liquid-helium cooled cryostat was used to perform high-pressure 
experiments at low temperatures down to T = 20 K. The protocol used for the pressure 
experiments on Fe1.08Te is presented in Figure 6.1. 
 
 
Figure 6.1: Experimental protocol for Fe1.08Te: variation of pressure (P) within the 
four series (referred to P1–P4) upon changing temperature (T) during the diffraction 
experiments. Solid triangles represent P points at which diffraction data were 
collected upon cooling; open triangles measured upon increasing temperature. The 
temperature-pressure path followed in the experiment is indicated by arrows. Open 
gray circles (labeled as T1) represent the second run where the temperature was fixed 
to 40 K and pressure increased up to ~ 3.5 GPa. 
 
     PXRD patterns of Fe1.08Te in the region of the (112) and (200) Bragg peaks 
recorded for four different pressure values up to 3 GPa are displayed in Figure 6.2. At 
a temperature of 100 K (Figure 6.2a), the diagrams evidence the stability of the 
tetragonal phase within the complete pressure range. The peaks shift are visible upon 
increasing pressure, indicates a continuous compression. At around 2.9 GPa, the 
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lattice parameters a and c are 2.6 and 2.0 % smaller than those at ambient pressure, 
respectively. This decrease in lattice parameters with pressure at 100 K is slightly 
smaller than the recently reported results for 300 K. [174–175] At 40 K, the PXRD 
patterns of Fe1.08Te reveal substantial changes with increasing pressure (Figure 6.2b). 
Cooling at only slightly elevated pressures (series P1, pressure values from 0.31–0.75 
GPa dependent on temperature) still induces the structural change into the monoclinic 
modification indicated by a broadening of the (112) reflection and a splitting of the 
(200) peak. Upon further pressure increase, both broadening and the splitting of these 
two peaks disappear at 40 K, which indicates a pressure-induced structural phase 
transitions of Fe1.08Te at low temperatures.  
 
 
Figure 6.2: Representative high-pressure PXRD patterns of Fe1.08Te at pressures 
between ambient (P0) and 2.9 GPa (P4), (a) at 100 K and (b) at 40 K. 
     
     In order to characterize this phase transition, the full width at half maximum 
(FWHM), and the sum Δ of the separation of peak maxima plus FWHM, respectively, 
are depicted in Figure 6.3. In the pressure regime P1, the refined FWHM value of the 
(112) peak approximately doubles with decreasing temperature: from 0.0512(2)˚ at 
295 K to 0.1025(1)˚ at 40 K (Figure 6.3a). Indexing of the reflections at low 
temperature requires monoclinic symmetry, which is compatible with the ambient 
pressure low-temperature phase with P21/m space group. Crystal structure refinements 
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of both high and low-temperature modifications are shown in Figures 6.4a and 6.4b, 
and the refined parameter values are listed in Table 6.1. At slightly higher pressure 
(series P2, 1.38–1.65 GPa), the broadening of the (112) peak at low temperatures is 
completely suppressed [FWHM at 100 K: 0.0613(1)
◦
; 27.5 K: 0.0631(2)
◦
] while the 
splitting of the (200) and (020) Bragg peaks remains clearly visible (Figure 6.3b). 
Owing to the modified PXRD pattern, the diagrams measured at temperatures of 55 K 
and below require an orthorhombic lattice for indexing. Systematic extinctions are 
compatible with space group Pmmn. 
 
 
Figure 6.3: FWHM of selected reflections in the PXRD diagrams of Fe1.08Te as a 
function of temperature at (a) pressure P1, (b) P2, (c) P3 and (d) P4. The broadened 
pattern involving, e.g., the reflections (112) and (200) evidences monoclinic distortion 
at low temperatures in the pressure regime P1, whereas the constant values for all 
peaks except (200) indicate an orthorhombic low-temperature phase at P2. The 
increased values of (200) peaks around 60 K in the pressure range P3 or 90 K for P4 
are attributed to transitions from the tetragonal high-temperature into the tetragonal 
low-temperature phase involving two-phase regions. The error bars are smaller than 
the symbol sizes. 
 
Consistently, a first Le Bail refinement yields similarly low values of the residuals as 
the fit of a monoclinic model. However, the orthorhombic pattern involves a smaller 
number of free parameters, and thus the higher-symmetry Pmmn model is selected for 
the crystal-structure refinements using full diffraction profiles. The results for the 
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low- and high temperature modifications are visualized in Figures 6.4c and 6.4d, and 
refined parameter values are included in Table 6.1. 
 
 
 
Figure 6.4: Refined synchrotron PXRD patterns of Fe1.08Te for the series P1 at 
temperatures (a) above (65 K) and (b) below (47.5 K) the tetragonal-to-monoclinic 
transition. (c) and (d) At P2, transition from tetragonal to orthorhombic is observed. 
Black and red lines show experimental and calculated PXRD intensities, respectively. 
Diffraction patterns were recorded using synchrotron radiation (λ = 0.415165 Å). 
 
     Upon further increase in pressure (series P3, 2.29–2.47 GPa, and P4, 2.86–2.92 
GPa), cooling of the samples induces broadening or the formation of shoulders for 
some peaks (Figure 6.5). For instance, in the series P3, the determined FWHM of 
peak (200) corresponds to 0.0797(2)
◦
 at 100 K, then increases to 0.1362(2)
◦
 at 60 K, 
and finally decreases to 0.0784(1)
◦
 at 20 K (Figure 6.3c). The observed changes in the 
patterns of the series P3 and P4 clearly indicate a temperature-induced phase 
transition involving a two-phase region in which both modifications coexist. Phase 
coexistence is evidenced between 60 and 40 K at P3 and between 90 and 80 K at P4 
(Figure 6.3d). Coexisting phases in a very large pressure range have also been 
reported in the case of other pnictide compounds at low temperatures. [176–177] 
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Table 6.1: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.08Te at temperatures above and below the phase transition in the pressure ranges 
P1 and P2. Rietveld refinements were performed with JANA2006. Atomic 
displacement parameters, Uiso, are given in 10
–2 
Å
2
. Fe1 and Te are assumed as fully 
occupied and the occupancy parameters of these atoms are fixed to 1. 
T (K) 
P (GPa) 
65 K 
0.58 GPa (P1) 
47.5 K 
0.53 GPa (P1) 
75 K 
1.49 GPa (P2) 
37.5 K 
1.39 GPa (P2) 
Space group P4/nmm P21/m P4/nmm Pmmn 
a (Å) 3.7899(1) 3.8076(1) 3.7620(2) 3.7746(4) 
b (Å)  = a 3.7758(1) = a 3.7506(4) 
c (Å) 6.2081(2) 6.2147(3) 6.1735(4) 6.1757(7) 
β (degree) 90 90.354(3) 90 90 
Robs/Rp 0.025/0.038 0.017/0.040 0.027/0.036 0.051/0.059 
Number of reflections 39 104 39 62 
Refined parameters for 
profile/crystal structure  
22/6 27/9 25/6 24/6 
Atomic parameters     
Fe1 2a (¾, ¼, 0) 
 
 
Uiso = 0.29(5) 
2e (x, ¼, z) 
x = 0.735(1) 
z = 0.002(1) 
Uiso = 0.31(6) 
2a (¾, ¼, 0) 
 
 
Uiso = 0.10(5) 
2b (¾, ¼, z) 
 
z = 0.0141(1) 
Uiso = 0.28(7) 
Fe2
*
 2c (¼, ¼, z) 
 
z = 0.711(4) 
Uiso = 1.5(5) 
2e (x, ¼, z) 
x = 0.24(1) 
z = 0.729(4) 
Uiso = 0.3(0) 
2c (¼, ¼, z) 
 
z = 0.710(4) 
Uiso = 0.8(4) 
2a (¼, ¼, z) 
 
z = 0.699(6) 
Uiso = 1.0(0) 
Te 2c (¼, ¼, z) 
 
z = 0.2841(1) 
Uiso = 0.19(3) 
2e (x, ¼, z) 
x = 0.2480(6) 
z = 0.2827(2) 
Uiso = 0.09(3) 
2c (¼, ¼, z) 
 
z = 0.2867(1) 
Uiso = 0.42(3) 
2a (¼, ¼, z) 
 
z = 0.2862(2) 
Uiso = 0.28(4) 
*
 Occupancy parameter of this atom is fixed to Occ. (Fe2) = 0.09 corresponding to 
Fe1.09Te on the basis of 285 K data in Chapter 5. 
 
 
     A detailed analysis of the line positions at P3 and P4 pressure regimes revealed 
that upon cooling Bragg peaks (h00) exhibit strong shifts towards higher 2θ angles 
whereas reflections like (00l) are reallocated to lower values of 2θ [see, e.g., the (003) 
peak in the insets of Figure 6.6]. This finding implies that the phase transition into the 
low-temperature modification is associated with a pronounced increase of the ratio c/a 
(see below). Comparison of the diffraction patterns measured at temperatures above 
and below this phase transition reveals a close similarity of the diffraction intensities. 
Specifically, no evidence for extra reflections which would indicate, e.g., a doubling 
of a translation period is observed. Moreover, the diffraction diagrams of the low 
temperature phase can still be indexed assuming tetragonal symmetry, and the same 
 Chapter 6: Pressure Effects on Fe1+yTe 
 _____________________________________________________________________  
89 
 
systematic absences of reflections are observed for the high- and the low-temperature 
phase. The corresponding diffraction symbol is compatible only with the 
centrosymmetric space groups P4/n and P4/nmm. Inspection of the occupied Wyckoff 
positions (2a and 2c in both space groups) immediately reveals that the coordinate 
triplets are the same for both choices. Thus, the higher Laue class was selected for the 
subsequent refinements. The least squares-fit results of the structure models to the 
diffraction profiles measured above and below the transition at P3 and P4 are shown 
in Figures 6.6a–6.6d; the refined parameter values are summarized in Table 6.2. 
 
 
Figure 6.5: PXRD patterns of Fe1.08Te in the pressure regime P3 at low temperatures. 
The left part displays the region of the (200) reflection and the right part displays an 
overview of the broader angular range. The pattern at 100 K shows the tetragonal 
high-temperature phase. The shoulder of the (200) reflection visible at higher angles 
in the diffraction data taken at 60 K is assigned to the admixture of a second 
modification. The diagrams recorded at 40 and 20 K exhibit the tetragonal low-
temperature phase. The pronounced shift of, e.g., the (200) line evidences a significant 
change of the unit cell parameter a at the symmetry-conserving transformation. 
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Figure 6.6: Refined synchrotron PXRD patterns of Fe1.08Te for (a) and (b) series P3 
and (c) and (d) series P4. Results are shown at characteristic temperatures above [(a) 
80 K, (c) 100 K] and below [(b) 20 K, (d) 40 K] the symmetry-conserving tetragonal-
tetragonal phase transition. Black and red lines show experimental and calculated 
PXRD intensities, respectively. Diffraction patterns were recorded using synchrotron 
radiation (λ = 0.415165 Å). 
 
     For a comparison of the metrical changes, the temperature dependence of the 
lattice parameters obtained from the refinements at ambient and at elevated pressures 
are summarized in Figures 6.7a–6.7j. It can be seen that the symmetry-breaking 
transitions (tetragonal to monoclinic or to orthorhombic) are associated with a 
significantly anisotropic change of the unit cell dimensions (see Figures 6.7a–6.7f). In 
the case of the symmetry-conserving transition (tetragonal to tetragonal) the lattice 
parameter a contracts by ≈ 1 % while c increases by approximately the same amount 
upon transforming into the low-temperature phase (see Figures 6.7g–6.7j). 
     In addition to isobaric measurements, PXRD data were collected at 40 K in the 
pressure range from 0.70 to 3.24 GPa (labeled as T1 in Figure 6.1). Figure 6.8 shows 
the pressure evolutions of selected Bragg reflections at 40 K. In Figure 6.8a, the 
broadening of the (112) reflection disappears at ~ 1.14 GPa, which evidences the 
monoclinic to orthorhombic phase transition. 
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Table 6.2: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.08Te at temperatures above and below the phase transition in the pressure ranges 
P3 and P4. Rietveld refinements were performed with JANA2006. Atomic 
displacement parameters, Uiso, are given in 10
–2 
Å
2
. Fe1 and Te are assumed as fully 
occupied and the occupancy parameters of these atoms are fixed to 1. 
T (K) 
P (GPa) 
80 K 
2.44 GPa (P3) 
20 K 
2.33 GPa (P3) 
100 K 
2.86 GPa (P4) 
40 K 
2.90 GPa (P4) 
Space group P4/nmm P4/nmm P4/nmm P4/nmm 
a (Å) 3.7265(1) 3.6946(1) 3.7131(6) 3.6835(1) 
c (Å) 6.1428(3) 6.2010(5) 6.1316(12) 6.1669(5) 
Robs/Rp 0.024/0.036 0.059/0.073 0.076/0.089 0.077/0.074 
Number of reflections 35 36 42 42 
Refined parameters for 
profile/crystal structure  
23/5 26/5 23/3 22/5 
Atomic parameters     
Fe1 2a (¾, ¼, 0) 
 
 
Uiso = 0.53(5) 
2a (¾, ¼, 0) 
 
 
Uiso = 0.43(7) 
2a (¾, ¼, 0) 
 
 
Uiso = 0.3(0) 
2a (¾, ¼, 0) 
 
 
Uiso = 0.95(7) 
Fe2
*
 2c (¼, ¼, z) 
 
z = 0.680(4) 
Uiso = 0.4(4) 
2c (¼, ¼, z) 
 
z = 0.662(6) 
Uiso = 0.4(0) 
2c (¼, ¼, z) 
 
z = 0.68(1) 
Uiso = 0.3(0) 
2c (¼, ¼, z) 
 
z = 0.661(6) 
Uiso = 0.3(0) 
Te 2c (¼, ¼, z) 
 
z = 0.2911(2) 
Uiso = 0.36(3) 
2c (¼, ¼, z) 
 
z = 0.2955(3) 
Uiso = 0.11(5) 
2c (¼, ¼, z) 
 
z = 0.2922(4) 
Uiso = 0.3(0) 
2c (¼, ¼, z) 
 
z = 0.2948(3) 
Uiso = 0.21(4) 
*
 Occupancy parameter of this atom is fixed to Occ. (Fe2) = 0.09 corresponding to 
Fe1.09Te based on the data at 285 K in Chapter 5. 
 
By applying further pressure, the splitting of the (200) peak starts to diminish above 
1.96 GPa. At 2.52 GPa, the orthorhombic to the tetragonal high-pressure phase 
transition is completed (Figure 6.8b). Results of isobaric measurements in the pressure 
regime P1–P4 and T1 scans at T = 40 K are in good agreement. The pressure 
dependences of lattice parameters and volume for Fe1.08Te at 40 K are shown in 
Figure 6.9. Lattice parameters and volume of the monoclinic and the orthorhombic 
phases decrease smoothly with increasing pressure, whereas the changes from 
orthorhombic to high-pressure tetragonal phase are more pronounced. The change of 
volume between 0.7 and 3.78 GPa at 40 K is ΔV/V ≈ −7 % which is almost the same 
as the reported result for 300 K. [174–175] 
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Figure 6.7: Temperature dependence of lattice parameters a, b, and c at various 
pressures up to 3 GPa. (a)–(d) A transition from tetragonal to monoclinic symmetry 
seen at ambient pressure P0 and for pressure P1. (e) and (f) For P2, an orthorhombic 
phase found at T < 60 K. (g)–(j) A pronounced lattice change within the tetragonal 
symmetry observed for P3 and P4. Open gray symbols show average values for 
mixtures of the high- and low-temperature phases in P3 and P4. Note a slight 
temperature-induced decrease of pressure in the experimental setup upon cooling (see 
Figure 6.1). 
 
     Putting some emphasis on the similarity between pressure and Fe content, the 
temperature-induced changes of c/a' are compared for both parameters. Analysis of 
the ratio c/a' (in which a' = a for tetragonal and a' = 1/2(a + b) for orthorhombic and 
monoclinic symmetry) reveals that the symmetry-breaking transitions at P0–P2 or at 
compositions Fe1+yTe with y = 0.06–0.15 cause only minute changes of the ratio c/a', 
whereas the symmetry-conserving transition gives rise to a significantly more 
pronounced alteration (Figures 6.10a and 6.10b). 
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Figure 6.8: Representative high-pressure PXRD patterns of Fe1.08Te at 40 K, in the 
pressure range from 0.7 GPa to 3.24 GPa (T1). (a) According to the FWHM analysis 
of the (112) peak, a phase transition from monoclinic to orthorhombic structure occurs 
at approximately ~1.14 GPa. (b) (200) and (020) reflections merge at 2.52 GPa, where 
phase transition from orthorhombic into the tetragonal high-pressure form is 
completed.  
 
 
Figure 6.9: (a) Pressure dependence of lattice parameters a–c and (b) volume of 
Fe1.08Te at 40 K. PXRD patterns at 1.96 and 2.23 GPa evidence the mixed phase, 
however, at these pressure points only the lattice parameters of the main phases are 
shown.  
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Figure 6.10: Temperature dependence of c/a' where a' = a for tetragonal symmetry, 
or equivalently a' = 1/2 (a + b) for orthorhombic and monoclinic symmetry at (a) 
various pressures for Fe1+yTe (i.e., y = 0.08) (Inset: data sets P0–P2 at low 
temperatures magnified for clarity) and (b) various amounts y of interstitial Fe at 
ambient pressure. 
 
     As a summary, a tentative temperature-pressure phase diagram of Fe1.08Te is 
shown in Figure 6.11. It was constructed using the findings concerning on high-
pressure structural phase transitions and anomalies in resistivity measurements of 
Fe1.086Te. [23] Slight differences of critical temperature or pressure are assigned to 
different cooling protocols and minute differences of the chemical composition. The 
anomaly that has been detected in Ref. 23 for resistivity measurements on Fe1.086Te at 
pressures P ≤ 1 GPa is conjectured to originate from a tetragonal-monoclinic phase 
transition. Our structure investigations confirm this picture. This phase transition 
occurs at Ts ≈ 65 K. At somewhat higher pressures P2 ≈ 1.4 GPa, we clearly resolve a 
phase transition into the orthorhombic phase at T ≤ 60 K. Yet, the change in c/a' at 
around 75 K is of similar magnitude as the alterations associated to the symmetry-
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breaking transitions at P0 and P1 around 60 K (see inset of Figure 6.10a). This 
pressure-driven subtle discontinuity within the tetragonal phase is consistent with a 
change observed for the onset of magnetic order in the temperature-composition phase 
diagram (Figure 5.27). At still higher pressures, P3 and P4, we identify another 
symmetry-conserving phase transition. The temperature of this transition increases 
with pressure, from ~ 60 K at 2.29 GPa to ~ 90 K at 2.9 GPa. There is no indication of 
the presence of any orthorhombic or monoclinic phases at these higher pressures. 
With this, it is concluded that the unidentified transition into phase HPII of Ref. 23 
coincides with our symmetry-conserving phase transition.   
 
 
Figure 6.11: Tentative temperature-pressure phase diagram of Fe1.08Te. Symbols T, 
O, and M mark temperatures and pressures of our PXRD measurements revealed 
tetragonal, orthorhombic, and monoclinic phases, respectively. The black data points 
indicate anomalies in resistivity taken from Ref. 23 for Fe1+yTe sample with y = 0.086. 
Gray dotted lines indicate the existence of structural transitions.  
     
     Our pressure studies on Fe1.08Te here, along with our earlier investigations on 
Fe1+yTe samples with different interstitial Fe 0.06 ≤ y ≤ 0.15, suggest some analogy 
between the influence of pressure and Fe content (see Figure 5.27). In addition to our 
results, a recent neutron powder diffraction study shows that Fe1.087Te adopts 
orthorhombic symmetry and incommensurate antiferromagnetic bicollinear order in 
the temperature range from 50 to 60 K at pressure of ≈ 1.2 GPa. However, the 
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monoclinic ambient pressure phase of Fe1.087Te with commensurate antiferromagnetic 
order was found below 50 K. [178] At ambient pressure, the critical composition of 
Fe1+yTe (i.e. y = 0.12) shows similar magnetic and structural phase transitions at low 
temperatures. [163, 166] This findings support the idea that the Fe amount and the 
application of external pressure have similar effects on the structural phase transitions 
of Fe1+yTe at low temperatures up to P ≈ 2 GPa. 
 
6.2 Electrical resistivity of Fe1.08Te under pressure 
     Figure 6.12 exhibits the temperature dependencies of the electrical resistivity of 
Fe1.08Te at various pressures up to 2.72 GPa. With an increase in the applied pressure, 
a hysteresis appears at 0.76 GPa, which is close to the region in which the mixed 
phases of monoclinic and orthorhombic modifications are observed at low 
temperatures. The hysteresis disappears upon further increase of pressure (P = 1.28–
1.95 GPa). In this pressure regime, the tetragonal to orthorhombic phase transition 
occurs. Above 2 GPa, where we observe the tetragonal to tetragonal (symmetry-
conserving) transition, a small hysteresis reappears below the transition temperature. 
Similar behavior of the electrical resistivity of Fe1.08Te is observed for increasing 
pressure and iron content in Fe1+yTe (Figure 5.13–5.14). However, no tetragonal to 
tetragonal phase transition has been observed for increasing Fe content, likely because 
of the high amount of Fe falls outside the homogeneity range of 6–15 %. 
     As expected from the results of Okada et al., no superconductivity has been 
observed in our measurements on Fe1.08Te in the studied pressure range. As 
mentioned in Chapter 2, the X–Fe–X (X = As, Se, Te) tetrahedral bond angle and the 
anion height (h) seem to play a role in superconductivity. [68] When the bond angle α 
comes closer to the ideal value of 109.47° for the regular tetrahedron, the conditions 
become more favorable for superconductivity and elevated Tc. [179–180] In the case 
of iron telluride thin films, where superconductivity emerges with tensile stress, the 
Fe1-Te-Fe1 bond angle is 0.75˚ larger than the non-superconducting bulk Fe1+yTe. 
[173] Besides, the optimum anion height, which is correlated with high Tc in iron 
pnictides (chalcogenides) superconductors, was reported as h ≈ 1.38 Å. [181] 
However, in our case, both anion height h and bond angle change in the opposite 
direction (Figure 6.13 and Table 9.3, in Appendix). In accordance with these results, 
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pressure does not induce superconductivity in bulk Fe1.08Te within the investigated 
pressure range. Recently, the transition from a low-pressure antiferromagnetic phase 
to a high-pressure ferromagnetic phase in Fe1.03Te has been reported. [182] Above 2 
GPa, ferromagnetism emerges, at the pressure where we observed the tetragonal to 
tetragonal symmetry-conserving phase transition of Fe1.08Te in the PXRD data. Later 
findings of theoretical investigations on tetragonal iron telluride under hydrostatic 
pressure are in good agreement with our results. [183–184] 
 
 
Figure 6.12: Resistivity as a function of temperature for Fe1.08Te measured in heating 
and cooling cycles under various pressures up to 2.72 GPa using piston-cylinder type 
pressure cells. The resistivity data at 0.02 GPa, 0.76 GPa, and 1.28 GPa are shifted 
upward by 0.025, 0.015, and 0.003 Ω, respectively. Arrows show the direction of 
cooling and warming cycles.   
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Figure 6.13: Schematic representation of changes in the angle α at different 
conditions. The value of the angle for superconducting thin films is taken from Ref. 
173.   
 
6.3 Pressure-induced structural transitions of Fe1.12Te and Fe1.14Te at low 
temperature 
     The effect of pressure on the low-temperature structural phase transitions of 
Fe1.12Te and Fe1.14Te was investigated in the same way as for Fe1.08Te. The 
experimental protocols for these compositions are shown in Figure 6.14. Selected 
regions of the high-pressure PXRD patterns of Fe1.12Te in the pressure regime P1 are 
shown in Figure 6.15a. At 40 K, the (200) reflection splits whereas the (112) peak 
remains almost unchanged. The FWHM analysis confirms the tetragonal to 
orthorhombic transition (Figure 6.15b). Figure 6.16 exhibits representative high-
pressure PXRD patterns at 40 K and 15 K during compression. Similar to Fe1.08Te, the 
(200) and (020) reflections merge with increasing pressure, which evidences the 
orthorhombic to high-pressure tetragonal phase transition. At 15 K, a shoulder of the 
(112) reflection is monitored at 0.25 and 0.56 GPa, which is consistent with mixture 
of orthorhombic and monoclinic phase as observed at ambient pressure. More PXRD 
patterns at 15 K and 40 K are shown in the Appendix (Figure 9.11&9.12). At 40 and 
15 K, the PXRD patterns of Fe1.12Te can be indexed on the basis of the tetragonal 
high-pressure structure (P4/nmm, P > 2.5 GPa). 
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Figure 6.14: Experimental protocol for (a) Fe1.12Te and (b) Fe1.14Te. For Fe1.12Te, the 
first step is a temperature scan from 300 K to 40 K at the pressure P1 ≈ 0.15 GPa. T1 
and T2 represent the measurements where the temperature is fixed to 40 and 15 K, 
respectively. The measurements on Fe1.14Te are performed at nearly isobaric 
conditions (referred to P1–P7) at different temperatures for the diffraction 
experiments. The temperature-pressure paths followed in the experiments are 
indicated by arrows. 
 
 
Figure 6.15: (a) Representative high-pressure PXRD patterns of Fe1.12Te in the 
pressure regime P1 (0.14–0.18 GPa) at low temperatures. (b) FWHM of selected 
reflections in the PXRD diagrams of Fe1.12Te as a function of temperature at pressure 
P1. In the case of tetragonal to orthorhombic phase transition, only the splitting of 
(200) peak is observed. (110) and (112) reflections are chosen to show that there is no 
indication for the formation of the monoclinic phase.   
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     Figure 6.17 displays the PXRD patterns of Fe1.14Te in the region of the (112) and 
(200) Bragg peaks recorded for six different pressure values up to 3.5 GPa. At 80 K 
(Figure 6.17a), the diagrams evidence the stability of the tetragonal phase within the 
complete pressure range. At 20 K, splitting of the (200) peak is observed up to P5 ≈ 
2.5 GPa (Figure 6.17b). Above this pressure, the splitting disappears as observed for 
the previous compositions. At P6 ≈ 2.9 GPa, the shoulder of the (200) reflection 
indicates that Fe1.14Te is a phase mixture. FWHM analyses of selected reflections in 
the PXRD diagrams of Fe1.14Te for three pressure regimes, in which the orthorhombic 
phase is observed at low temperatures, are shown in Figure 6.18. The temperature-
dependent measurements upon increasing pressure indicate that the tetragonal to 
orthorhombic transition temperature of Fe1.14Te increases from 58 K (at P1) to 70 K 
(at P3&P5). 
 
 
Figure 6.16: Representative high-pressure PXRD patterns of Fe1.12Te at (a) 40 K in 
the pressure range from 0.23 GPa to 4.92 GPa (T1), and (b) 15 K with pressure from 
0.2 GPa to 3.92 GPa (T2). Arrows indicate shoulders of the (112) reflection.  
 
     Representative high-pressure PXRD patterns of Fe1.14Te at P6 are shown in Figure 
6.19a. In this pressure regime, Fe1.14Te contains both tetragonal and orthorhombic 
phase below the transition temperature. The tetragonal to orthorhombic phase 
transition starts below 60 K. A shoulder close to the (200) reflection becomes more 
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pronounced at lower temperatures. At P7, no change in the peak shape of the (200) is 
observed upon decreasing temperature (see Figure 6.19b). In order to determine 
discontinuous changes at P7, lattice parameters were calculated by Le Bail 
refinements. 
 
 
Figure 6.17: Representative high-pressure PXRD patterns of Fe1.14Te at pressures 
between ambient pressure (P0) and 3.3 GPa (P7), (a) at 80 K and (b) at 20 K. 
 
 
Figure 6.18: FWHM of selected reflections in the PXRD diagrams of Fe1.14Te as a 
function of temperature at pressure (a) P1 ≈ 0.15 GPa, (b) P3 ≈ 1.5 GPa, and (c) P5 ≈ 
2.5 GPa. In the case of the tetragonal to orthorhombic phase transition, only the 
splitting of the (200) peak is observed.  
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Figure 6.19: Representative high-pressure PXRD patterns of Fe1.14Te at (a) P6, and 
(b) P7 in the temperature range from 20 K to 80 K. Arrows in (a) show the 
contribution of orthorhombic phase with decreasing temperature. 
 
     Figure 6.20 displays the temperature dependence of lattice parameters at five 
different pressure regimes. Changes of the lattice parameters because of the tetragonal 
to orthorhombic phase transition at P1, P3, and P5 can be seen in Figures 6.20a–6.20f. 
From the change of the lattice parameters at P6 and P7, the structural transition 
temperatures of the symmetry-conserving transition (tetragonal to tetragonal) is 
determined to be around 60 K and 70 K, respectively (see Figures 6.20g–6.20j). 
Clearly, the differences of the lattice parameters between the tetragonal phases are not 
as pronounced as in the case of Fe1.08Te.  
     The pressure dependence of the lattice parameters of Fe1+yTe (y = 0.12, 0.14) at 40 
K are shown in Figure 6.21. The volume changes of Fe1.12Te and Fe1.14Te (decreases 
of 7 and 5 %, respectively) are compatible with those of Fe1.08Te at the same 
conditions. In comparison to Fe1.08Te, the structural transition from orthorhombic to 
high-pressure tetragonal is shifted to higher pressures at 40 K with increasing iron 
content. 
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Figure 6.20: Temperature dependence of lattice parameters a, b and c at various 
pressures up to 3.5 GPa. (a)–(f) A transition from tetragonal to orthorhombic 
symmetry seen at P1–P5. (g)–(j) Tetragonal symmetry is observed for P6 and P7 at 
low temperatures. At P6, PXRD data evidence that there is still orthorhombic phase as 
secondary phase. In this pressure regime, only the lattice parameters of the symmetry-
conserving tetragonal phase are presented. Note a slight temperature-induced decrease 
of pressure in the experimental setup upon cooling (see Figure 6.14b). 
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Figure 6.21: Pressure dependence of (a–b) lattice parameters and (c–d) unit cell 
volume of Fe1.12Te and Fe1.14Te at 40 K. In the pressure regimes where mixed phase 
occurs, only the lattice parameters of the main phase are shown. 
 
     The Rietveld refinements of the diffraction profiles measured above and below the 
transition at P3 and P7 are shown in Figures 6.22; the refined parameter values are 
summarized in Table 6.3. At 20 K and pressure P7, Fe1.14Te can be indexed assuming 
space group P4/nmm in accordance with the findings for Fe1.08Te at high pressure and 
low temperatures (Figure 6.22d). From our results, we can conclude that increasing Fe 
content in Fe1+yTe does not affect the pressure-induced low-temperature structural 
transitions within the investigated pressure range, except the critical pressure for 
orthorhombic to high-pressure tetragonal phase transition. When the bond angles and 
anion height in Fe1.14Te are compared with increasing pressure, they show similar 
trend as Fe1.08Te. Distances and bond angles in the FeTe4 tetrahedron of Fe1.14Te at 70 
K for various pressures are compiled in Table 6.4. The distances between the Fe1 and 
the Te atoms, d, do not show a significant difference with increasing pressure. 
However, the distances between iron and tellurium layer h, and the angle β increase 
while the angle α decreases upon increase of pressure. The determined values for h, α, 
and β of Fe1.14Te diverge from the ideal tetrahedral angle (109.5 degree) and the 
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optimum anion height (~ 1.38 Å). [68, 179–180] Therefore, within the studied 
pressure region in this work, pressure-induced superconductivity is not expected for 
Fe1.14Te.  
 
 
Figure 6.22: Refined synchrotron PXRD patterns of Fe1.14Te for the series P3 at 
temperatures (a) above (80 K) and (b) below (20 K) the tetragonal-to-orthorhombic 
transition. (c) and (d) At pressure P7, the symmetry-conserving tetragonal-tetragonal 
phase transition is observed. The impurity peak indicated by an asterisk is the main 
reflection of hexagonal close-packed solid He-4. Black and red lines show calculated 
and experimental X-ray powder diffraction intensities, respectively. Diffraction 
patterns were recorded using synchrotron radiation (λ = 0.41440 Å). 
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Table 6.3: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.14Te at temperatures above and below the phase transition in the pressure ranges 
P3 and P7. Rietveld refinements were performed with JANA2006. Atomic 
displacement parameters, Uiso, are fixed for refinements and given in 10
–2 
Å
2
. Fe1 and 
Te are assumed as fully occupied and the occupancy parameters of these atoms are 
fixed to 1. 
T (K) 
P (GPa) 
80 K 
1.58 GPa  
(P3) 
20 K 
1.37 GPa  
(P3) 
80 K 
3.30 GPa  
(P7) 
20 K 
3.32 GPa  
(P7) 
Space group P4/nmm Pmmn P4/nmm P4/nmm 
a (Å) 3.7631(4) 3.7791(3) 3.7043(6) 3.6917(2) 
b (Å)  = a 3.7521(3) = a = a 
c (Å) 6.1851(8) 6.1975(6) 6.1477(12) 6.1584(7) 
Robs/Rp 0.047/0.062 0.041/0.044 0.052/0.073 0.041/0.058 
Number of reflections 45 71 45 34 
Refined parameters for 
profile/crystal structure  
22/3 23/4 22/3 20/3 
Atomic parameters     
Fe1 2a (¾, ¼, 0) 
 
 
Uiso = 0.4(0) 
2b (¾, ¼, z) 
 
z = 0.003(1) 
Uiso = 0.2(0) 
2a (¾, ¼, 0) 
 
 
Uiso = 0.4(0) 
2a (¾, ¼, 0) 
 
 
Uiso = 0.2(0) 
Fe2
*
 2c (¼, ¼, z) 
 
z = 0.739(5) 
Uiso = 0.4(0) 
2e (x, ¼, z) 
x = 0.24(1) 
z = 0.690(3) 
Uiso = 0.2(0) 
2c (¼, ¼, z) 
 
z = 0.704(6) 
Uiso = 0.4(0) 
2c (¼, ¼, z) 
 
z = 0.727(5) 
Uiso = 0.2(0) 
Te 2c (¼, ¼, z) 
 
z = 0.2886(3) 
Uiso = 0.4(0) 
2e (x, ¼, z) 
x = 0.2480(6) 
z = 0.2905(2) 
Uiso = 0.2(0) 
2c (¼, ¼, z) 
 
z = 0.2959(4) 
Uiso = 0.4(0) 
2c (¼, ¼, z) 
 
z = 0.2952(4) 
Uiso = 0.2(0) 
* Occupancy of Fe2 is fixed to y = 0.14 in Fe1+yTe. 
 
 
Table 6.4: Distances and bond angles in the FeTe4 tetrahedron for Fe1.14Te at 
different pressures in the tetragonal phase (T = 70 K). The distances between the Fe1 
and the Te atoms are presented by d, and h is the anion height. α and β are the Te–
Fe1–Te tetrahedral bond angles described in Figure 5.7.  
P (GPa) 0.1 10
 –3
 GPa 
(P0) 
1.07 GPa  
(P2) 
2.16 GPa  
(P4) 
2.91 GPa  
(P6) 
d (Å) 2.6049(4) 2.598(2) 2.601(2) 2.601(2) 
h (Å) 1.775(1) 1.784(1) 1.807(2) 1.820(2) 
α (degree) 94.06(1) 93.25(4) 91.98(5) 91.17(5) 
β (degree) 117.69(1) 118.14(2) 118.87(3) 119.33(3) 
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6.5 Conclusions 
     In conclusion, we show that pressure strongly influences the structural phase 
transitions of Fe1+yTe (y = 0.08, 0.12, 0.14) at low temperatures. The temperature-
dependent phase transitions of Fe1.08Te can be successively changed from low-
pressure tetragonal-monoclinic to tetragonal-orthorhombic followed by tetragonal-
tetragonal (symmetry-conserving) by increasing compression. The pressure-dependent 
phase transitions closely resemble those induced by increasing Fe content (y = 0.12 
and 0.14). Upon increasing Fe content in Fe1+yTe, the critical pressure of the 
orthorhombic to high-pressure tetragonal phase transition increases. For example, the 
transition of Fe1.08Te starts below ~ 2 GPa, while for y = 0.12 and 0.14 it starts above 
~ 2.5 GPa. Furthermore, pressure-induced low-temperature structural transitions and 
resistivity anomalies of Fe1.08Te under pressure show similarities with our 
investigations on Fe1+yTe samples with different Fe compositions (Chapter 5). The 
close similarity of the temperature-composition and the temperature-pressure phase 
diagrams suggest a strong magnetoelastic coupling between the magnetic and 
structural order parameters in Fe1+yTe. 
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Chapter 7  
 
Substitution Studies on Fe1+yTe 
 
7.1 Anionic substitutions in Fe1+yTe 
     Anionic substitutions of tetragonal Fe1+yTe (S and Se for Te) have been widely 
studied [18, 24–27] and they induce superconductivity in resulting phases. However, 
the homogeneity range of Fe1+yTe1-xSex has not been investigated in detail. The 
primary aim of this work is to prepare a series of polycrystalline Fe1+yTe1-xSex samples 
in order to understand the homogeneity range of the ternary phase. Secondly, growing 
single crystals by using chemical vapor transport reaction will be described.  
7.1.1. Selenium substitution in Fe1+yTe 
     According to literature, a high iron concentration in Fe1+yTe1-xSex suppresses 
superconductivity and the highest Tc is observed for a Te:Se ratio of 1:1. [25] For this 
reason, a series of samples Fe1+yTe0.5Se0.5 (y = 0.00–0.16) was prepared by solid state 
reaction. Starting materials were heated up to 973 K with a rate of 100 K/h and kept at 
this temperature for 24 hours before increasing the temperature to 1193 K. The 
dwelling at 1193 K for 24 hours was followed by cooling to 973 K with a rate of 100 
K/h (50 K/h) and annealing for 12 hours. Finally, samples were cooled to room 
temperature at a rate of 100 K/h. As-grown materials were polycrystalline ingots. 
Figure 7.1a exhibits PXRD patterns of prepared samples. Products adopt mainly the 
tetragonal phase (space group P4/nmm) but contain impurities. For samples with y ≥ 
0.12, unreacted iron is observed in both PXRD patterns and BSE images (Figure 
7.1b). With decreasing iron composition, the iron peak disappears. For y ≤ 0.08, extra 
reflections are observed in the PXRD patterns. This second phase is visible in the BSE 
image of Fe1.04Te0.5Se0.5 as darker regions (Figure 7.1c). According to the EDX 
analysis, compositions of the main phase (light grey) and the second phase (dark grey) 
are Fe0.97(2)Te0.51(1)Se0.49(1) and Fe0.89(1)Te0.25(1)Se0.75(1), respectively. From the peak 
positions of PXRD, we conclude that the second phase is substituted tetragonal FeSe 
(P4/nmm) in which approximately 25 % of the selenium is replaced by tellurium. 
Lattice parameters of these two phases were determined by LeBail refinements. Those 
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of the tetragonal main phase are a = 3.7987(1) Å and c = 6.0214(5) Å, whereas those 
of the second tetragonal phase are a = 3.7921(1) Å and c = 5.8487(6) Å. For y = 0, 
additional small peaks at 2θ = 37.54° and 49.55° are attributed to NiAs-type δ-Fe1-ySe 
(space group P63/mmc).   
               
 
Figure 7.1: (a) PXRD diagram of as-grown polycrystalline samples Fe1+yTe0.5Se0.5 (y 
= 0.00–0.16). Asterisks, arrows and diamonds indicate unreacted Fe, second 
tetragonal phase, and impurity phase related to the NiAs-type Fe1-δSe, respectively. 
BSE images of (b) Fe1.12Te0.5Se0.5 and (c) Fe1.04Te0.5Se0.5. Black regions in (b) are the 
surface of the sample holder. The dark gray regions in (c) are the second tetragonal 
phase.  
 
In order to determine the optimum annealing temperatures, one of the samples from 
this series with a nominal composition of Fe1.05Te0.5Se0.5 was powdered and cold-
pressed into pellets with a hydraulic press. Pellets were placed in glassy carbon 
crucibles with lid and sealed in quartz ampoules under vacuum. Later, they were 
annealed at several temperatures from 723–973 K for 2 days and quenched in room 
temperature water. The PXRD patterns of annealed samples are given in Figure 7.2a. 
Extra peaks and shoulders in patterns disappear at 873 K. Above this temperature, 
peaks become sharper, and no extra peaks are monitored. In the BSE image of a 
sample annealed at 773 K, a second phase (dark grey regions) can be seen in Figure 
7.2c. Although no extra peaks are observed in the PXRD pattern of a sample annealed 
at 973 K, the second phase (dark grey regions) still can be seen in the BSE image 
(Figure 7.2b). At 773 K, the EDX compositions of the main phase and the second 
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phase are Fe0.97(1)Te0.51(1)Se0.49(1) and Fe0.96(1)Te0.28(2)Se0.72(2), respectively. Whereas, at 
973 K, the EDX compositions of the main phase and the second phase corresponds to 
Fe0.99(2)Te0.47(1)Se0.53(1) and Fe0.87(2)Te0.11(1)Se0.89(1), respectively. Figure 7.3 exhibits the 
quantitative analysis of the phases in a sample with a nominal composition of 
Fe1.05Te0.5Se0.5 annealed at 973 K for 2 days. The analysis was performed on a surface 
with an area of 0.15 mm
2
 and the small area shown in Figure 7.2b was selected from 
Figure 7.3a. 
           
 
Figure 7.2: (a) PXRD diagram of Fe1.05Te0.5Se0.5 annealed at different temperatures 
for 2 days. Arrows indicate a second phase. BSE images of Fe1.05Te0.5Se0.5 annealed at 
(b) 973 K and (c) 773 K. Darker gray areas in BSE images are the second phases.  
 
 
Figure 7.3: Quantitative analysis of Fe1.05Te0.5Se0.5 annealed at 973 K for 2 days. (a) 
BSE and (b) colored image. The EDX compositions of yellow and blue regions are 
Fe0.87(2)Te0.11(1)Se0.89(1) and Fe0.99(2)Te0.47(1)Se0.53(2), respectively. Black regions indicate 
the sample holder. 
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The determined EDX compositions of the yellow and the blue regions in Figure 7.3b 
are Fe0.87(2)Te0.11(1)Se0.89(1) and Fe0.99(2)Te0.47(1)Se0.53(2), respectively. According to the 
analysis, the roughly estimated ratio of phases is 40:60 (yellow to blue regions) on the 
investigated surface. Same investigations were performed on annealed 
Fe1+yTe0.50Se0.50 samples with lower iron content (y < 0.05), but the second phase was 
still observed in EDX analysis.   
     Later, slightly different ratios of tellurium and selenium were studied. 
Polycrystalline samples Fe1+yTe0.55Se0.45 (0.00 ≤ y ≤ 0.10) were synthesized with the 
same temperature program used for the previous series. Starting materials were 
gradually heated to 1193 K and cooled down to room temperature. Later, cold-pressed 
pellets were annealed at 973 K for 2 days. The PXRD diagrams of annealed samples 
are shown in Figure 7.4. Samples were investigated by PXRD and EDX analyses 
before annealing and similar impurity phases, which were observed in the previous 
series, were detected. The determined EDX compositions of main phase and second 
phase in the samples before annealing are summarized in Table 7.1. After annealing, 
extra peaks in the PXRD of Fe1+yTe0.55Se0.45 (except y = 0.00 and 0.10) disappear 
(Figure 7.4) and according to EDX analysis the impurities are no longer present. 
Figure 7.5 displays BSE and SE images of samples with nominal composition of 
Fe1.06Te0.55Se0.45 and Fe1.04Te0.55Se0.45.  Compositions of annealed samples determined 
by EDX and chemical analysis are compiled in Table 7.2. The determined iron 
content exhibits a maximum of y = 0.08. Above this nominal composition, the 
determined iron content of the ternary phase is the same within experimental 
uncertainty. Figure 7.6 shows the variation of lattice parameters (a and c) and unit cell 
volumes of annealed Fe1+yTe0.55Se0.45 samples. Both lattice parameters and unit cell 
volume decrease with increasing Fe-content up to y = 0.06. Further increase of the Fe 
concentration (y ≥ 0.08) does not change these parameters. As a summary of PXRD, 
EDX, and lattice parameter analysis of this series, single phase material 
Fe1+yTe0.55Se0.45 can be obtained when the nominal Fe-content falls into the range 0.00 
< y ≤ 0.06.  
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Figure 7.4: (a) PXRD diagram of Fe1+yTe0.55Se0.45 (y = 0.00–0.10) annealed at 973 K 
for 2 days. Asterisk and diamond indicate unreacted Fe and the impurity phase related 
to NiAs-type δ-Fe1-ySe, respectively. 
 
 
 
Figure 7.5: Backscattered (a&c) and secondary electron (b&d) images of annealed 
samples Fe1.06Te0.55Se0.45 and Fe1.04Te0.55Se0.45, respectively.  
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Table 7.1: Compositions according to EDX measurements of as-grown 
polycrystalline samples Fe1+yTe0.55Se0.45.  
y 
Before annealing 
              Phase 1                                Phase 2 
0.00 Fe1.02(2)Te0.56(2)Se0.44(2) Fe0.98(1)Te0.35(2)Se0.65(2) 
0.02 Fe1.01(1)Te0.54(5)Se0.46(5) Fe0.95(1)Te0.22(1)Se0.78(1) 
0.04 Fe1.04(1)Te0.54(1)Se0.46(1) Fe0.95(1)Te0.26(6)Se0.74(6) 
0.06 Fe1.09(2)Te0.56(2)Se0.44(2) Fe1.08(1)Te0.37(3)Se0.63(3) 
0.08 Fe1.12(3)Te0.56(1)Se0.44(1) Fe1.06(4)Te0.33(1)Se0.67(1) 
0.10 Fe1.13(1)Te0.56(1)Se0.44(1) Fe 
 
Table 7.2: Compositions according to EDX measurements and chemical analysis of 
polycrystalline samples Fe1+yTe0.55Se0.45 after annealing at 973 K for 2 days.  
y EDX Compositions                  Chemical Analysis       
0.00 Fe1.04(1)Te0.57(2)Se0.43(2) Fe1.01(2)Te0.55(1)Se0.45(1) 
0.02 Fe1.06(3)Te0.58(1)Se0.42(1) Fe1.02(1)Te0.55(1)Se0.45(1) 
0.04 Fe1.07(3)Te0.58(2)Se0.42(2) Fe1.04(2)Te0.55(1)Se0.45(1) 
0.06 Fe1.10(1)Te0.57(1)Se0.43(1) Fe1.07(1)Te0.55(1)Se0.45(1) 
0.08 Fe1.12(2)Te0.57(1)Se0.43(1) Fe1.08(1)Te0.55(1)Se0.45(1) 
0.10 Fe1.12(1)Te0.57(2)Se0.43(2) − 
 
     Another series of polycrystalline samples Fe1+yTe0.75Se0.25 (0.00 ≤ y ≤ 0.14) were 
prepared by the same temperature program and annealed at 973 K for 2 days. PXRD 
diagrams of annealed samples are shown in Figure 7.7a. For y ≥ 0.12, unreacted iron 
is detected in the EDX analysis (Figure 7.7b). In PXRD, the reflection of unreacted α-
Fe overlaps with the reflection of the main phase. For low Fe contents (y ≤ 0.02), a 
second phase with EDX composition Fe
0.69(1)
Te
0.79(1)
Se
0.21(1) is observed (Figure 7.7c). 
The peak positions of the second phase suggest that the impurity phase is related to 
the structure motif of hexagonal Fe0.67Te (P63/mmc) [141] and the refined lattice 
parameters of the second phase are a = 3.7779(2) Å and c = 5.6668(5) Å. These lattice 
parameters are larger than the reported values for NiAs-type Fe0.685Te0.8Se0.2 at 873 K 
(a = 3.771 Å and c = 5.660 Å). [188] Single phase Fe1+yTe0.75Se0.25 samples can be 
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obtained for 0.02 < y < 0.12. Lattice parameters and unit cell volumes as a function of 
the Fe content are given in Figure 7.8. With increasing amount of Fe, lattice 
parameters and volume decrease within the homogeneity range. EDX compositions of 
some samples are listed in Table 7.3. Despite the scattering, results are in conformity 
with our findings on the basis of PXRD and lattice parameters.  
 
 
Figure 7.6: (a) Lattice parameters and (b) unit cell volume for nominal compositions 
Fe1+yTe0.55Se0.45 (0.00 ≤ y ≤ 0.10) of annealed samples at 973 K for 2 days. Lattice 
parameters were determined using the diffraction lines of LaB6 as an internal 
standard. 
 
     In addition, several other compositions were prepared and annealed at 973 K. 
Samples were characterized by PXRD and EDX analysis. The resulting homogeneity 
range of tetragonal Fe1+yTe1-xSex is shown in the ternary phase diagram at 973 K 
(Figure 7.9). Single phases of tellurium-rich compositions can be obtained in the 
presence of excess Fe. For example, Fe1+yTe0.55Se0.45 and Fe1+yTe0.75Se0.25 can be 
realized without impurity phase when the nominal Fe-content falls into the range 0.00 
< y ≤ 0.06 and 0.02 < y < 0.12, respectively. Upon increasing Fe content, the feasible 
substitution amount of Se decreases. For y = 0.13, Se substitution is possible in the 
range 0.00 ≤ x < 0.20, whereas for y = 0.06 single phase samples of Fe1.06Te1-xSex can 
be prepared with 0.00 ≤ x ≤ 0.45. For low Fe content (y ≈ 0), impurity peaks of NiAs-
type Fe1-yTe1-xSex are observed, whereas for Fe contents y ≥ 0.12 in Fe1+yTe0.75Se0.25, 
iron remains unreacted. 
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Figure 7.7: (a) PXRD diagrams of Fe1+yTe0.75Se0.25 (y = 0.00–0.12) annealed at 973 K 
for 2 days. BSE images of annealed (b) Fe1.12Te0.75Se0.25 and (c) Fe1.00Te0.75Se0.25. In 
PXRD, arrows indicate the Fe-deficient second phase, Fe0.69(1)Te0.79(1)Se0.21(1). Dark 
region in (b) and light regions in (c) correspond to unreacted iron and Fe-deficient 
second phase, respectively. 
 
 
Figure 7.8: (a) Lattice parameters and (b) unit cell volume in dependence of the 
nominal composition for annealed samples Fe1+yTe0.75Se0.25. Lattice parameters were 
determined using the diffraction lines of LaB6 as an internal standard. For y ≥ 0.12 
and y ≤ 0.02, samples contain unreacted Fe and Fe
0.69(1)
Te
0.79(1)
Se
0.21(1), respectively.  
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Table 7.3: Compositions according to EDX measurements of polycrystalline samples 
Fe1+yTe0.75Se0.25 after annealing at 973 K for 2 days.  
y Phase 1                     Phase 2 
0.00 Fe0.99(2)Te0.71(2)Se0.29(2) Fe0.69(1)Te0.79(1)Se0.21(1) 
0.04 Fe0.98(1)Te0.70(1)Se0.30(1) − 
0.06 Fe1.03(1)Te0.75(2)Se0.25(2) − 
0.08 Fe1.06(2)Te0.77(2)Se0.23(2) − 
0.10 Fe1.10(5)Te0.77(1)Se0.23(1) − 
0.14 Fe1.07(1)Te0.72(1)Se0.28(1) Fe 
 
 
Figure 7.9: Tentative ternary phase diagram of the Fe-Te-Se system with the 
homogeneity range of tetragonal Fe1+yTe1-xSex at 973 K. The values for homogeneity 
ranges of NiAs-type δ-Fe1-ySe and Fe0.67Te, and monoclinic Fe0.75Te phases at 973 K 
are taken from the Pauling File Inorganic Materials Database [189]. 
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     Single crystals of Fe1+yTe1-xSex were grown from polycrystalline material by 
chemical vapor transport using NH4I as transport additive. For the starting 
compositions of Fe1+yTe1-xSex, Fe:(Te+Se) ratios were chosen as  1.03:1 and 1.06:1 
with x = 0.04–0.07. Evacuated, sealed quartz ampoules (diameter 20 mm, length 100 
mm) were filled with a mixture of typically 2 g of Fe1+yTe1-xSex powder with 10–20 
mg of NH4I, and placed horizontally inside a two-zone furnace at temperatures from 
T2 = 1073 K to T1 = 1023–1048 K. Typically, crystals were grown for 1 to 3 weeks. 
Finally, the ampoule was quenched in water. The morphology of the crystals are 
similar to tetragonal Fe1+yTe with relatively smaller dimensions (i.e. a maximum of 1
1 0.02 mm
3
) The crystals were washed with ethanol several times to remove 
residual condensed gas phase, dried under vacuum and stored in argon-filled glove 
boxes. Grown crystals adopt tetragonal (P4/nmm) structure. The PXRD pattern of one 
of the powdered single crystal is shown in Figure 9.13 (see Appendix). The 
compositions of the grown crystals are investigated by EDX analysis. Figure 7.10 
shows the EDX compositions of the crystals grown by chemical vapor transport. 
     
 
Figure 7.10: EDX compositions of Fe1+yTe1-xSex single crystals from different 
batches. Horizontal axis, (1+y)EDX, shows the determined Fe content and the vertical 
axis, xEDX, gives the determined Se composition. The starting ratios of Fe:(Te+Se) are 
1.06:1 and 1.03:1.   
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The determined EDX compositions of Fe1+yTe1-xSex crystals from different batches 
cluster around 0.95 ≤ (1+y) ≤ 1.15 for Fe and 0.30 ≤ x ≤ 0.46 for selenium. Some of 
the crystals have large deviations for the Fe composition that indicates inhomogeneity 
of the individuals. Susceptibility measurements were performed on more than 10 
crystals and all measured crystals show superconducting behavior with Tc
onset
 ≈ 10–13 
K. Figure 7. 11 exhibits Tc
onset
 vs. EDX compositions of Fe and Se. The Tc
onset
 
increases with Se amount whereas the relation between Fe content and Tc
onset
 of 
crystals grown by chemical vapor transport is not clear as reported in literature.  
   
 
Figure 7.11: Tc
onset
 vs. EDX compositions of Fe1+yTe1-xSex single crystals grown by 
chemical vapor transport. (1+y)EDX and xEDX indicate Fe and Se compositions, 
respectively.  
 
Magnetic susceptibility measurements of two crystals are shown in Figure 7.12. 
Unlike β-FeSe single crystals, no saturation in ZFC is observed for Fe1+yTe1-xSex 
crystals grown by CVT. The estimated shielding factor is always smaller than 10 % 
indicating that only a fraction of the samples exhibits superconductivity. However, 
previously reported FeSe0.5Se0.5 single crystals, which were grown by the Bridgeman 
method, reach a full diamagnetic shielding factor of 4πχ ≈ −1 with Tc ≈ 14 K. [147] In 
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order to understand the difference between the crystals grown by different methods, 
specific heat measurements are necessary in order to investigate the amount of 
superconducting phase.   
 
 
Figure 7.12: Magnetic susceptibility as a function of temperature for crystals with 
EDX composition (a) Fe0.95(1)Te0.50(1)Se0.50(1) and (b) Fe1.03(1)Te0.53(1)Se0.47(1) in a 
magnetic field of  2 mT. The insets are the BSE images of the measured crystals.  
 
7.2 Cationic substitutions in Fe1+yTe  
     In this part, transition metal substituted polycrystalline Fe(1+y)-xMxTe (M = Ni, Co) 
samples will be discussed with respect to their characterization, physical properties 
and structural transitions at low temperatures. 
7.2.1. Nickel substitution in Fe1+yTe 
     Polycrystalline samples with nominal compositions of Fe(1+y)-xNixTe (y = 0.06, 
0.10, 0.12, and 0.15, x = 0.02, 0.05, 0.10, and 0.15) were prepared by solid state 
synthesis. The same preparation procedure was followed as for Fe1+yTe samples 
(Chapter 5). Figure 7.13 shows the PXRD patterns of prepared samples and the BSE 
images of several compositions. A very weak extra peak is observed in the PXRD 
pattern of Fe1.01Ni0.05Te (Figure 7.13a) and the EDX results evidence that there is a 
second phase in the sample (Figure 7.13e). Extra reflections in PXRD appear upon 
further Ni substitution in Fe1.06-xNixTe and Fe1.10-xNixTe, whereas for Fe1.12-xNixTe and 
Fe1.15-xNixTe no impurity phases are observed up to x = 0.15 (Figure 7.13c–d). BSE 
images confirm those samples as single phase (Figure 7.13g–h). Although a weak 
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extra reflection is observed in the PXRD diagram of Fe0.95Ni0.15Te, no second phase 
was detected within the area investigated by BSE (Figure 7.13b and 7.13f).  
 
 
Figure 7.13: (a–d) PXRD patterns of Ni substituted Fe1+yTe (y = 0.06, 0.010, 0.12, 
and 0.15) with various compositions. The diffraction patterns were recorded using 
CoKα1 radiation. (e–h) BSE images of polycrystalline samples Fe1.01Ni0.05Te, 
Fe0.95Ni0.15Te, Fe1.02Ni0.10Te, and Fe1.00Ni0.15Te, respectively. Red frames in (e) are 
used to emphasize the lighter gray regions where the impurity phases are observed. 
Black regions are sample holders.  
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The compositions of several samples determined by EDX are listed in Table 7.4. The 
compositions of the main phases are generally in conformity with the nominal 
compositions. The determined EDX compositions of the second phase and the 
position of the extra peaks in Ni substituted Fe1.06Te suggest that impurity phase is 
related to structure motif of hexagonal FeTe1.5 (Fe0.67Te) [141] or its monoclinic 
modification FeTe1.45. [144, 190] The main reflections in the PXRD patterns are 
indexed on basis of tetragonal P4/nmm structure. The determined lattice parameters of 
the studied compositions are compiled in Figure 7.14. For higher transition metal 
contents (y = 0.12 and 0.15), the a-axis does not show a significant difference upon 
increasing Ni substitution, whereas for low metal contents (y = 0.06 and 0.10) it 
slightly increases up to x = 0.05 and then becomes stable. On the other hand, the c–
axis linearly decreases with increasing Ni amount for each composition, y = 0.06–
0.15. The lattice parameters of Fe1.12-xNixTe are generally in agreement with 
previously reported data for (Fe1-xNix)1.12Te. [191] 
 
Table 7.4: Determined EDX compositions of Fe(1+y)-xNixTe for several compositions. 
Fe(1+y)-xNixTe Phase 1 Phase 2 
y = 0.06, x = 0.05 Fe1.03(1)Ni0.06(1)Te Fe0.55(1)Ni0.05(1)Te 
y = 0.06, x = 0.15 Fe0.96(1)Ni0.16(1)Te Fe0.52(1)Ni0.21(1)Te 
y = 0.10, x = 0.05 Fe1.07(2)Ni0.06(1)Te – 
y = 0.10, x = 0.10 Fe1.02(2)Ni0.10(1)Te – 
y = 0.12, x = 0.02 Fe1.11(1)Ni0.02(1)Te – 
y = 0.12, x = 0.05 Fe1.06(2)Ni0.05(1)Te – 
y = 0.12, x = 0.10 Fe1.02(2)Ni0.10(1)Te – 
y = 0.12, x = 0.15 Fe0.97(2)Ni0.15(1)Te – 
y = 0.15, x = 0.05 Fe1.11(1)Ni0.07(1)Te – 
y = 0.15, x = 0.15 Fe1.01(1)Ni0.16(1)Te – 
 
     The temperature dependence of the specific heat of samples Fe1.12-xNixTe for x = 
0.00−0.10 are presented in Figure 7.15. Fe1.12Te shows two phase transitions as 
reported in Chapter 5. Upon minute Ni substitution, as in Fe1.10Ni0.02Te, one of the 
phase transitions disappears and only the λ-shaped peak at ~ 48 K is monitored.  
 Chapter 7: Substitution Studies on Fe1+yTe 
 _____________________________________________________________________  
122 
 
 
Figure 7.14: Lattice parameters of Fe(1+y)-xNixTe for several compositions (y = 0.06–
0.15 and  x = 0.00–0.15). Error bars are smaller than the symbol size. Lattice 
parameters were determined using the diffraction lines of LaB6 as an internal 
standard. 
 
 
Figure 7.15: Specific heat Cp(T) of Fe1.12-xNixTe for x = 0.00, 0.02, 0.05, and 0.10. 
The Cp(T) data for x = 0.00 and 0.02 are shifted by the amounts given for each curve 
for clarity. Inset shows specific heat of Fe1.07Ni0.05Te at lower temperatures, T ≤ 20 K.  
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    With increasing nickel substitution (x = 0.05, and 0.10) the λ-shaped peak is no 
longer visible. Even at low temperatures, no jump in the specific heat is monitored. 
(Figure 7.15, Inset). Magnetization and low-temperature synchrotron PXRD 
measurements were performed in order to investigate if the structural and magnetic 
phase transitions of Fe1+yTe are suppressed by Ni substitution.  
     Magnetic susceptibilities of Fe1.07Ni0.05Te and Fe1.10Ni0.05Te as a function of 
temperature are shown in Figure 7.16a and 7.16b, respectively. Although no jump is 
observed in the specific heat of Fe1.07Ni0.05Te, the magnetization measurement 
displays an antiferromagnetic (AFM) type phase transition at 40 K. With the increase 
of Ni content in Fe1.12-xNixTe, the transition temperature shifts to a lower 
temperatures, TN = 34 K for x = 0.10 and 30 K for x = 0.15 (Figure 7.16c). A similar 
trend in TN is observed for Fe1.15-xNixTe at slightly higher temperatures (Figure 7.16d). 
 
 
Figure 7.16: Temperature dependence of magnetic susceptibilities of Ni substituted 
Fe1+yTe (a) Fe1.07Ni0.05Te, and (b) Fe1.10Ni0.05Te with ZFC and FC protocols. 
Comparison of FC (cooling) protocols for Fe(1+y)-xNixTe (c) y = 0.12, x = 0.05–0.15, 
and (d) y = 0.15, x = 0.05–0.15.   
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The difference in susceptibility measured for both zero-field-cooling (ZFC) and field-
cooling (FC) protocols indicates a possible spin-glass like behavior as reported for Cu 
and Ni substituted Fe1+yTe (Figure 7.16a and 7.16b). [192–193]  
     Figure 7.17a and 7.17b exhibit the magnetic susceptibility of Fe1.02Ni0.10Te as a 
function of temperature at 0.1 T and 2 T, respectively. The magnetic susceptibility 
and the bifurcation of ZFC and FC are slightly suppressed by increasing magnetic 
field. The field dependent magnetization measurements of a sample at several 
temperatures, below and above TN ≈ 34 K, are shown in Figure 7.17c and 7.17d. The 
isothermal magnetization curves show a linear dependence on field up to 5 T and no 
hysteresis is observed except a small one at 2 K.        
 
 
Figure 7.17: Temperature dependence of magnetic susceptibilities of Fe1.02Ni0.10Te 
with ZFC and FC protocols at (a) 0.1 T and (b) 2 T. Isothermal magnetization curves 
of Fe1.02Ni0.10Te at (c) 2 K and 20 K, and (d) 40 K, 60 K, and 80 K.   
 
     Low-temperature PXRD measurements of Fe1.12-xNixTe (x = 0.02, 0.05, 0.10, and 
0.15) in the region of the (112) and (200) Bragg peaks are displayed in Figure 7.18. At 
a temperature of 100 K (Figure 7.18a), the diagrams evidence the stability of the 
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tetragonal (P4/nmm) phase within the investigated Ni substitution range. At 10 K, the 
PXRD patterns of Fe1.12-xNixTe reveal substantial changes with increasing nickel 
content (Figure 7.18b). For minute nickel substitution, Fe1.10Ni0.02Te, the structural 
change into the orthorhombic modification is preserved as indicated by the splitting of 
the (200) peak. Upon further substitution, the splitting of the peak disappears at 10 K, 
evidencing that the structural phase transition is suppressed at higher nickel contents.   
   
 
Figure 7.18: Representative PXRD patterns of Fe1.12-xNixTe, x = 0.02–0.15 at (a) 100 
K and (b) 10 K. For x = 0.02, the (200) peak is clearly split at 10 K, confirming the 
orthorhombic structure. Diffraction patterns were collected using synchrotron 
radiation (λ = 0.40067 Å).  
 
     Full-profile refinements of the PXRD data of Fe1.07Ni0.05Te at 100 K and 10 K are 
given in Figure 7.19. At these temperatures, PXRD reflections can be indexed on 
basis of space group P4/nmm, similar to the case of parent compound, Fe1+yTe. No 
extra reflections are observed in the PXRD patterns. Refined structural parameters of 
Fe1.07Ni0.05Te at 100 K and 10 K are presented in Table 7.5. According to an earlier 
report, single crystal refinements of Fe1.1-xNixTe point towards a location of nickel at 
the interstitial site (2c). [194] Thus, the substituted nickel has been placed on the 2c 
site in the PXRD refinements, but investigations with EXAFS or Mössbauer 
measurements are necessary for understanding the preferred position of substituted 
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Ni. Distances and bond angles within the FeTe4 tetrahedron for Fe1.07Ni0.05Te at 100 K 
and 10 K are given in Table 7.6. Although, lattice parameters decrease with 
decreasing temperature, the distance between iron and tellurium, the bond angles and 
the anion height (h) values within the FeTe4 tetrahedron do not change.  
 
 
Figure 7.19: Refined synchrotron PXRD patterns of Fe1.07Ni0.05Te at temperatures 
above (100 K) and below (10 K) the magnetic phase transition. Black and red lines 
show experimental and calculated powder X-ray diffraction intensities, respectively. 
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Table 7.5: Crystallographic data based on refinements using PXRD diagrams of 
Fe1.07Ni0.05Te in the tetragonal phase at 100 K and 10 K. Rietveld refinements were 
performed with JANA2006. Atomic displacement parameters, Uiso, are given in 10
–2 
Å
2
. Fe1 and Te are assumed as fully occupied and the occupancy parameters of these 
atoms are fixed to 1. 
T (K) 100 10 
Space group P4/nmmz P4/nmmz 
a (Å) 3.81489(2) 3.81291(3) 
c (Å) 6.23942(4) 6.23447(5) 
β (degree) 90 90 
Robs/Rp 0.028/0.105 0.021/0.096 
Number of reflections 81 81 
Refined parameters for 
profile/crystal structure  
22/7 22/7 
Atomic parameters   
Fe1 2a (¾, ¼, 0) 
Uiso = 0.40(4) 
2a (¾, ¼, 0) 
Uiso = 0.22(3) 
Fe2
*
 2c (¼, ¼, z) 
z = 0.736(7) 
Occ. = 0.066(3)  
Uiso = 0.7 
2c (¼, ¼, z) 
z = 0.739(4) 
Occ. = 0.066(0)  
Uiso = 0.4 
Ni
*
 2c (¼, ¼, z) 
z = 0.709(9) 
Occ. = 0.050(3) 
Uiso = 0.7 
2c (¼, ¼, z) 
z = 0.702(6) 
Occ. = 0.050(0) 
Uiso = 0.4 
Te 2c (¼, ¼, z) 
z = 0.2824(2) 
Uiso = 0.54(2) 
2c (¼, ¼, z) 
z = 0.2825(1) 
Uiso = 0.33(2) 
*
 Atomic displacement parameters, Uiso, and occupancies are intrinsically correlated 
and, therefore, cannot be refined independently. The atomic displacement parameters 
of the interstitial atoms are fixed at Uiso = 0.007 Å
–2
 at 100 K and Uiso = 0.004 Å
–2
 at 
10 K. The occupancies of interstitial atoms are refined separately without restriction 
for the sum at 100 K and refined occupancies are kept the same for 10 K. 
 
 
 
Table 7.6: Distances and bond angles within the FeTe4 tetrahedron for Fe1.07Ni0.05Te 
at 100 K and 10 K. The distance between the Fe1 and the Te atoms is indicated are by 
d, h is the distance between the iron layer and the tellurium layer, and α and β are the 
Te–Fe1–Te tetrahedral bond angles.    
T (K) 100 10 
d (Å) 2.5966(6) 2.5955(5) 
h (Å) 1.762 1.761 
α (degree) 94.55(3) 94.53(2) 
β (degree) 117.41(1) 117.42(1) 
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7.2.2. Cobalt substitution in Fe1+yTe 
     Samples with nominal compositions of Fe(1+y)-xCoxTe (y = 0.06, 0.12, and 0.15, x = 
0.02, 0.05, 0.10, and 0.15) were prepared as mentioned in previous part. PXRD 
diagrams and BSE images of selected compositions are shown in Figure 7.20. 
According to PXRD and EDX analysis, single phase Fe1.06-xCoxTe cannot be obtained 
for x ≥ 0.05. The impurity peaks in the PXRD diagram are indicated by arrows in 
Figure 7.20a. The lighter areas in the BSE image of Fe1.01Co0.05Te are the second 
phase with a determined composition of Fe0.47(1)Co0.20(1)Te (Figure 7.20d).  
 
 
Figure 7.20: (a–c) PXRD patterns of Co substituted Fe1+yTe (y = 0.06, 0.12, and 0.15) 
with various compositions. The diffraction patterns were recorded using CoKα1 
radiation. (d–f) BSE images of polycrystalline samples Fe1.01Co0.05Te, Fe1.02Co0.10Te, 
and Fe1.00Co0.15Te, respectively.  
 Chapter 7: Substitution Studies on Fe1+yTe 
 _____________________________________________________________________  
129 
 
It is possible to obtain single phases with higher Co substitutions with increasing 
transition metal content (y = 0.12, 0.15). Thus, Co and Ni substitutions of iron in 
Fe1+yTe show similar tendency for the phase formation of Fe(1+y)-xMxTe up to x = 0.15.   
     In Table 7.7, the EDX compositions of Co substituted samples are listed. In 
general, the nominal compositions are in conformity with EDX results. However, 
standard deviations of the compositions are higher than the Ni substituted samples, 
which is mainly attributed to the overlapping of the characteristic peaks of Co and Fe 
in the EDX spectra. In contrast, it is possible to clearly resolve the Ni and Fe peaks. 
Figure 7.21 shows the lattice parameter changes upon increasing cobalt content for 
several compositions. The c–axis of Fe(1+y)-xCoxTe for y = 0.12, 0.15  exhibits similar 
systematic changes as that of the Ni substituted samples, whereas the a–axis behaves 
differently. Both a– and c–axis decrease with increasing Co substitution, whereas the 
a–axis becomes slightly longer with increasing nickel content (Figure 7.14). 
     Magnetic susceptibility measurements were performed on several compositions to 
compare with Fe1+yTe and the Ni substituted samples. In comparison to nickel 
substitution, the bifurcation of ZFC and FC is less pronounced for corresponding 
cobalt compositions, Fe1.07Co0.05Te and Fe1.10Co0.05Te (Figure 7.22a and 7.22b). With 
increasing Co content, the bifurcation becomes more pronounced and the AFM 
transition temperature decreases similar to the nickel substituted samples (Figure 
7.22c and 7.22d).          
 
Table 7.7: Determined EDX compositions of Fe(1+y)-xCoxTe for some compositions 
shown in Figure 7.20. 
Fe(1+y)-xCoxTe Phase 1 Phase 2 
y = 0.06, x = 0.05 Fe1.05(2)Co0.05(2)Te Fe0.47(1)Co0.20(1)Te 
y = 0.12, x = 0.02 Fe1.12(4)Co0.04(1)Te – 
y = 0.12, x = 0.05 Fe1.09(5)Co0.07(1)Te – 
y = 0.12, x = 0.10 Fe1.03(3)Co0.11(1)Te – 
y = 0.12, x = 0.15 Fe0.99(3)Co0.15(1)Te – 
y = 0.15, x = 0.05 Fe1.11(1)Co0.06(1)Te – 
y = 0.15, x = 0.10 Fe1.07(2)Co0.11(1)Te – 
y = 0.15, x = 0.15 Fe1.00(4)Co0.16(1)Te – 
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Figure 7.21: Lattice parameters of Co substituted Fe1+yTe for several compositions, 
Fe(1+y)-xCoxTe (y = 0.06–0.15 and  x = 0.00–0.15). Error bars are smaller than symbol 
size. Lattice parameters were determined using the diffraction lines of LaB6 as an 
internal standard. 
   
 
Figure 7.22: Temperature dependence of magnetic susceptibilities of Co substituted 
Fe1+yTe (a) Fe1.07Co0.05Te, (b) Fe1.10Co0.05Te, (c) Fe1.05Co0.10Te, and (d) Fe1.00Co0.15Te 
with ZFC and FC protocols. 
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      Selected regions of the low-temperature PXRD diagrams of Fe1.12-xMxTe, with M 
= Ni or Co and x = 0.02, 0.05 and 0.10, are displayed in Figure 7.23. By Ni 
substitution, the splitting of the reflections (112) and (200) is suppressed at x = 0.05 
(Figure 7.23a). With the same amount of Co substitution, the (200) peak is broadened 
but not completely split at 10 K (Figure 7.23b). A similar behavior is monitored for 
lower transition metal (Ni or Co) content of x = 0.02. These findings are in good 
agreement with the results of magnetic susceptibility measurements. When 
Fe1.07Ni0.05Te and Fe1.07Co0.05Te are compared with respect to the bifurcation of the 
ZFC and FC protocols, the cobalt substitution is relatively less effective than that of 
nickel (Figure 7.16a and 7.22a). In addition to that, the AFM transition temperature of 
Ni substituted sample is lower than that of Co substituted samples, i.e. TN ≈ 40 K for 
Fe1.07Ni0.05Te and TN ≈ 46 K for Fe1.07Co0.05Te. 
   
 
Figure 7.23: Representative PXRD patterns of Fe1.12-xMxTe at 10 K (a) M = Ni and 
(b) M = Co with x = 0.02, 0.05, and 0.10. Small unidentified impurity peaks in cobalt 
substituted samples are indicated by asterisks. Diffraction patterns were collected 
using synchrotron radiation (λ = 0.40067 Å).  
 
 
 
 
 Chapter 7: Substitution Studies on Fe1+yTe 
 _____________________________________________________________________  
132 
 
7.3 Conclusions 
    The homogeneity range of tetragonal Fe1+yTe1-xSex was determined at 973 K by 
using PXRD, EDX and lattice parameter analyses on polycrystalline samples. The 
samples of Fe1+yTe0.5Se0.5 cannot be obtained without a second phase. According to 
EDX analysis, the second phase is Fe-deficient and contains higher amount of Se than 
Te, i.e. Fe0.87(2)Te0.11(1)Se0.89(1) in Fe1.05Te0.5Se0.5. Although the determined 
composition is similar to the NiAs-type Fe1-yTe1-xSex, there is no match for the 
reflections of this phase in the PXRD pattern of annealed Fe1.05Te0.5Se0.5. Since no 
extra reflection is observed in the PXRD patterns, crystal structure of the second 
phase is not known yet. Single phases of Fe1+yTe0.55Se0.45 and Fe1+yTe0.75Se0.25 can be 
realized when the nominal Fe-content falls into the range 0.00 < y ≤ 0.06 and 0.02 < y 
< 0.12, respectively. Single crystals of Fe1+yTe1-xSex were grown by chemical vapor 
transport reactions by using NH4I as an additive with temperature gradient from T2 = 
1073 K to T1 = 1023–1048 K. The determined EDX compositions of crystals from 
different batches cluster around 0.95 ≤ (1+y) ≤ 1.15 for Fe and 0.30 ≤ x ≤ 0.46 for 
selenium. Those crystals show superconductivity with Tc = 10–13 K. Although they 
have higher Tc than β-FeSe single crystals, they do not exhibit saturation in ZFC, and 
the estimated shielding factor is always smaller than 10 %, which indicates only a 
fraction of the samples exhibits superconductivity.  
     Iron in tetragonal Fe1+yTe can be successfully substituted by nickel or cobalt when 
y ≥ 0.10 up to x ≈ 0.15 in Fe(1+y)-xMxTe (M = Ni, Co). When y = 0.06 and x ≥ 0.02, 
impurity phase is observed in PXRD and EDX measurements. The position of the 
extra peaks in Ni- or Co-substituted Fe1.06Te suggest that impurity phase (with EDX 
composition of Fe0.55(1)Ni0.05(1)Te or Fe0.47(1)Co0.20(1)Te) is related to structure motif of 
hexagonal Fe0.67Te [141]. The c–axis of Ni-substituted samples is smaller than of the 
parent compound Fe1+yTe and continues to decrease upon increasing Ni amount for all 
studied compositions. However, the a–axis shows different behaviors upon increasing 
Ni content. For y ≤ 0.10, the a–axis of Fe(1+y)-xNixTe increases with Ni amount from   
x = 0.00 to x = 0.05, and then becomes stable. For y ≥ 0.12, the a–axis does not 
change upon increasing Ni content. In the case of Co substitution, both a– and c–axis 
decrease with increasing Co amount in Fe(1+y)-xCoxTe. Concerning the stability of low-
temperature phases, the substituted samples are different to the parent compound and 
some structural phase transitions observed for Fe1+yTe are suppressed for higher 
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nickel or cobalt contents. For example, when x ≥ 0.05 no symmetry breaking 
structural changes are observed in Fe1.12-xNixTe at low temperatures. On the other 
hand, there are still indications of phase transitions in Fe1.07Co0.05Te. However, the 
remaining magnetic phase transition exhibits decreasing critical temperatures with 
increasing substitution levels. The bifurcation of zero-field-cooling and field-cooling 
protocols indicates a possible spin-glass like behavior for Fe(1+y)-xMxTe at low 
temperatures. Finally, cobalt is slightly less effective than the same amount of nickel 
in suppressing the low-temperature phase transition into the phase with spin-glass like 
behavior. 
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Chapter 8  
 
Summary and Outlook 
 
 
     In this work, the parent compounds of the Fe-chalcogenide superconductors have 
been examined with respect to chemical composition, structural phase transitions and 
physical properties. Thus, this study can be grouped into two parts. The first one is the 
investigation of the homogeneity range and the single crystal growth of tetragonal     
β-FexSe, Fe1+yTe, and Fe1+yTe1-xSex. The second one is the investigations of low-
temperature structural phase transitions and physical property changes in tetragonal 
Fe1+yTe which are induced by composition, external pressure, and cationic 
substitution. In the following text, the results will be summarized for each chapter 
separately. 
     In Chapter 4, the simplest member of the iron-based superconductors, β-FexSe, has 
been studied in order to resolve discrepancies on the composition of the phase and to 
grow single crystals. According to the homogeneity range studies of polycrystalline 
material of β-FexSe, the phase adopts the nominal compositions 1.000(5) ≤ x < 
1.010(5) at 673 K. This composition corresponds to slightly less Fe (0.4 –0.7 at. %) 
than previously reported results. [4, 13] Although no impurity phase is observed in 
PXRD and WDX analysis, even the purest polycrystalline samples contain between 
100 and 300 ppm elemental iron as estimated by magnetization measurements at 300 
K. β-FexSe single crystals have been grown by the chemical vapor transport method 
below 723 K using AlCl3 as transport additive. WDX and magnetization 
measurements confirm that these β-Fe1.00Se single crystals do not contain magnetic 
impurity phases. The determined WDX compositions of single crystals are in good 
agreement with the single-phase polycrystalline samples. The results of magnetic 
susceptibility and heat capacity measurements evidence bulk superconductivity of the 
single crystals. Magnetoresistance and Hall resistivity measurements indicate 
contributions from multiple bands to the electronic transport and the temperature 
dependence of the Hall coefficient clearly displays a transition from a compensated 
metal to a strongly electron-dominated transport regime below 70 K. Shubnikov-de 
Haas oscillations and Scanning Tunneling Microscopy/Spectroscopy (STM/S) 
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measurements are in progress to complete the understanding of the electronic 
properties of β-Fe1.00Se. 
     In Chapter 5, tetragonal Fe1+yTe, which is the end member of the Fe-chalcogenide 
superconductors, has been scrutinized. The homogeneity range of tetragonal Fe1+yTe 
has been reinvestigated on polycrystalline materials and it has been narrowed down to 
the nominal composition 0.060(5) < y < 0.155(5) below 973 K. Single crystal growth 
of tetragonal Fe1+yTe (0.11 ≥ y ≥ 0.14) succeeded by chemical vapor transport using I2 
as a transport additive with a temperature gradient from T2 = 1073 K to T1 = 1048–
973 K. The single crystals contain always ~ 2 % less iron than the starting 
composition. So far, single crystals of tetragonal Fe1+yTe with y < 0.11 could not be 
obtained by chemical vapor transport. For those starting compositions (Fe1+yTe with y 
≤ 0.11) an unknown Fe-deficient phase forms instead of tetragonal Fe1+yTe.  
     In the temperature-composition phase diagram of Fe1+yTe, a coinciding magnetic 
and structural transition occurs from a tetragonal (P4/nmm) paramagnetic to a 
monoclinic (P21/m) antiferromagnetic phase for y ≤ 0.11. The antiferromagnetic 
transition temperature (TN) systematically decreases from 69 K to 57 K with an 
increase in y from 0.06 to 0.11. For 0.11 < y ≤ 0.13, the transition into the 
orthorhombic (Pmmn) modification is followed by a two-phase region at even lower 
temperature in which coexistence with a monoclinic phase is found. In this 
composition region, the two phase transitions involve magnetic and structural 
changes. For y > 0.13, the phase transition from the orthorhombic to the monoclinic 
structure disappears and only a single phase transition is observed. The latter is a 
second-order phase transition from the tetragonal (P4/nmm) paramagnetic to the 
orthorhombic (Pmmn) antiferromagnetic structure. On this side of the temperature-
composition phase diagram, TN slightly increases from 59 K to 63 K with increasing 
Fe amount from y = 0.14 to 0.15. The coupled magnetic and structural transitions 
indicate a strong magnetoelastic coupling in this system. In order to provide an insight 
into the magnetoelastic couplings in this compound, magnetization and 
magnetostriction measurements on single crystals of Fe1+yTe (y = 0.11, 0.12, and 
0.14) at low temperatures and high magnetic fields (up to 60 T) are continuing in 
Dresden at the High Field Magnetic Laboratory.     
     In Chapter 6, the influence of pressure on the low-temperature structural phase 
transitions of Fe1+yTe (y = 0.08, 0.12, 0.14) has been examined. Okada et al. 
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suggested the presence of two pressure-induced phases for FeTe0.92 (corresponding to 
Fe1.086Te) at low temperatures. [23] The crystal structures of these phases have been 
clarified by our investigations. The temperature-dependent phase transitions of 
Fe1.08Te can be changed from tetragonal-monoclinic to tetragonal-orthorhombic 
followed by tetragonal-tetragonal (symmetry-conserving) with increasing 
compression, in the range 0.1 MPa ≤ P ≤ 3.5 GPa at low temperatures. The 
temperature-pressure phase diagram of Fe1.08Te has been constructed using the 
findings concerning high-pressure structural phase transitions and anomalies in 
resistivity measurements. [23] Similar pressure studies have been conducted on 
samples with higher amounts of Fe (y = 0.12 and 0.14). The pressure-dependent phase 
transitions of these samples closely resemble those of Fe1.08Te. Upon increasing Fe 
content in Fe1+yTe, the critical pressure of the orthorhombic to high-pressure 
tetragonal phase transition increases. For example, the transition of Fe1.08Te starts 
below ~ 2 GPa, while the one for y = 0.14 starts above ~ 2.5 GPa. The resistivity 
measurements of Fe1.08Te under pressure show similarities with our investigations on 
Fe1+yTe (0.08 ≤ y ≤ 0.15) at ambient pressure. As an outlook, physical and magnetic 
properties of Fe1+yTe (y ≥ 0.12) are planned to be investigated under pressure. 
     In the first part of Chapter 7, the homogeneity range of tetragonal Fe1+yTe1-xSex at 
973 K has been constructed by using PXRD, EDX and lattice parameter analysis of 
polycrystalline samples. Single phases of tellurium-rich compositions (x ≤ 0.45) can 
be obtained in the presence of excess Fe. For example, Fe1+yTe0.55Se0.45 and 
Fe1+yTe0.75Se0.25 can be realized without impurity phase when the nominal Fe-content 
falls into the range 0.00 < y ≤ 0.06 and 0.02 < y < 0.12, respectively. Single crystals of 
Fe1+yTe1-xSex have been grown by chemical vapor transport reaction with a 
temperature gradient from T2 = 1073 K to T1 = 1023–1048 K by using NH4I as an 
additive. The EDX compositions of these Fe1+yTe1-xSex crystals cluster around 0.95 ≤ 
(1+y) ≤ 1.15 and 0.30 ≤ x ≤ 0.46 for iron and selenium, respectively. The investigated 
crystals show superconductivity with Tc
onset
 = 10–13 K. However, the full diamagnetic 
shielding factor of 4πχ ≈ −1 has not been observed in these Fe1+yTe1-xSex crystals.  
     In the second part of Chapter 7, iron has been replaced by nickel and cobalt in 
order to investigate the influences of atoms with smaller atomic radii on the 
magnetostructural phase transitions of tetragonal Fe(1+y)-xMxTe (M = Ni, Co). Single 
phases of tetragonal Fe(1+y)-xMxTe can be obtained for x up to 0.15 when 0.12 ≥ y ≥ 
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0.15 for Ni and y = 0.15 for Co. For lower iron contents, the feasible substitution 
amount of Ni and Co decreases and single phases of tetragonal Fe1.06-xMxTe occur 
only for x < 0.05. Concerning the stability of low-temperature phases, structural phase 
transitions at low temperatures have been observed for x = 0.02. Upon increasing Ni 
and Co substitution, the structural phase transitions are suppressed as evidenced by 
specific heat and low-temperature PXRD measurements. However, the magnetic 
phase transitions are still monitored in magnetic susceptibility measurements for all 
compositions. Thus, cationic substitutions in Fe1+yTe lead to the decoupling of 
magnetic and structural features of the phase transitions. Finally, the amount of 
transition metal M, which is needed to suppress the structural phase transitions, is 
slightly smaller for Ni than for Co. In future, Mössbauer and X-ray absorption 
spectroscopy measurements are planned in order to gain information about the 
preferred location of the substituted metals (Ni, Co) in the crystal structure.  
     In summary, the work described in this thesis has established a correlation between 
composition, crystal structure, and physical properties in the Fe-chalcogenide family 
of superconductors. Although several physical properties have been addressed across 
the phase diagram of Fe1+yTe1-xSex, the richness of the properties of these materials 
leaves several open questions. The presented studies suggest that the different 
competing orders as well as instabilities need to be addressed on an equal footing to 
approach a unifying mechanism of high-Tc superconductivity. 
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Chapter 9  
 
Appendix 
 
Appendix - Tables 
 
Table 9.1: Details of the Rietveld refinement of Fe1.006(3)Se. Data of the synchrotron 
PXRD pattern are measured at room temperature and refined by means of the 
Jana2006 program package. 
at RT, Space group No. 129: P/4nmmz 
a = 3.7731(1), c = 5.5253(1)   
Robs / Rp = 0.02/0.09  
Atom Site x y z Uiso(10
-2 
Å
2
) Occ. 
Fe 2a 0.75 0.25 0.0 1.01(3)   1.006(3)   
Se 2c 0.25   0.25 0.2668(1)  1.05(2)   1   
 
Table 9.2: Parameters of crystal structure and refinements, atomic positions, and 
atomic displacement parameters in orthorhombic FeSe at 5 K. The Jana2006 program 
package was used for refinements based on full diffraction profiles. (λ = 0.40067 Å, at 
ID21, ESRF) 
5 K, Space group No. 67: Cmma 
a  = 5.3082(3), b = 5.3319(3), c = 5.4852(3)   
Robs /Rp = 0.02/0.09 
Atom Site x y z Uiso (10
-2 
Å
2
) Occ. 
Fe 4a 0.25 0.0 0.0 0.13(3) 1 
Se 4g 0.0 0.25 0.2665(2) 0.16(3) 1 
 
Table 9.3: Distances and bond angles in FeTe4 tetrahedron for Fe1.08Te at different 
pressures and temperatures in tetragonal phase (symmetry-conserving tetragonal at 20 
K). Powder X-ray diffraction data used for Rietveld refinements. The distance 
between Fe1 and Te atoms are presented by d and h is anion height. α and β are the 
Te–Fe1–Te tetrahedral bond angles described in Figure 5.7.    
T (K) 
P (GPa) 
75 K  
0.1 10
 –3
 GPa  
(P0) 
75 K 
1.49 GPa  
(P2) 
80 K  
2.44 GPa 
(P3) 
20 K 
2.33 GPa 
(P3) 
d (Å) 2.5913(3) 2.5828(6) 2.5835(7) 2.6036(12) 
h (Å) 1.755 1.770 1.789 1.834(1) 
α (degree) 94.75(1) 93.49(2) 92.35(2) 90.46(4) 
β (degree) 117.29(1) 118.01(1) 118.65(1) 119.74(2) 
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Appendix - Figures 
 
 
Figure 9.1: Temperature dependence of the lattice parameters of β-Fe1.00Se and δ-
Fe0.96Se. The error bars are smaller than the size of symbols. 
 
 
Figure 9.2: Preparation of TEM lamellar cuttings using a focused ion beam (FIB) 
technique. (a) Single crystal of β-Fe1.00Se grown along the ab direction. The red frame 
shows where the thin plate was cut. (b) The region of the red frame after bulk milling. 
(c) Sample attached to a tungsten needle for mounting it on the finger of the TEM 
holder. (d) Mounted sample on the TEM holder after final thinning. 
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Figure 9.3: TEM images of the lamellar cut. (a) The sample was rotated by 1.3 
degrees around the c–axis (α) and 6.3 degrees around the a–axis (β). (b) Layers of 
type1 (darker layers in (a)) are slightly rotated in relation to layers of type 2 (lighter 
layers in (a)). Opposite contrast was observed by ~ 8 degree rotating around the c–
axis. Darker curtain-like lines can be attributed to modulations due to extra Fe atoms. 
However, the irradiation effects caused by Ga
+
 ion bombardment during FIB cutting 
are a potential source of such artifacts.  
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Figure 9.4: (a) TEM image of a thin cut with gliding layers. The SAED patterns of 
(b) darker layers (Layer 1) and (c) lighter layers (Layer 2) along the [100] zone axis. 
The symbol 1/(0.20 nm) is the measuring scale in reciprocal space. 
 
 
Figure 9.5: Representative PXRD diagrams of polycrystalline β-Fe1.00Se at low 
temperatures. The peak splitting of (220)T at 2θ ~ 17.29° into (040)O and (400)O 
below 90 K evidences a temperature-induced symmetry-breaking phase transition 
from tetragonal (P4/nmm) to orthorhombic (Cmma) involving a change of the identity 
periods: aO ≈ 2aT, bO ≈ 2aT, cO = cT. Diffraction patterns were collected using 
synchrotron radiation (λ = 0.39996 Å).  
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Figure 9.6: Refined PXRD diagram of a polycrystalline FeSe sample (orthorhombic) 
at ~5 K.  
 
 
Figure 9.7: Differential scanning calorimetry measurements of Fe1.06Te with 20 
K/min heating or cooling rate. The sample was sealed in a quartz crucible under 
vacuum. The cooling curve is shifted for clarity. The first endothermic effect at ~1074 
K evidences the decomposition of tetragonal Fe1+yTe into Fe and the rhombohedral 
high-temperature phase, FeTex (x = 0.80–0.93). The second endothermic effect 
starting at around 1171 K corresponds to peritectic decomposition into Fe and liquid. 
[139] 
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Figure 9.8: Specific heat Cp(T) and magnetic susceptibility χ(T) of Fe1+yTe single 
crystals characterized by WDXS analysis. (a)–(b) yWDX = 0.087(7) with properties 
corresponding to ynominal ≈ 0.11, (c)–(d) yWDX = 0.114(5) with properties 
corresponding to ynominal ≈ 0.12, and (e)–(f) yWDX = 0.133(3) with properties 
corresponding to ynominal ≈ 0.14. The magnetic susceptibility was measured at 0.1 T in 
a field-cooling protocol. 
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Figure 9.9: The Fe L2,3 edge X-ray absorption spectra (XAS) of a Fe1.14Te single 
crystal at 300 K, where μ0H amounts to 9 T and is oriented parallel to the c–axis. One 
diagram is taken with left circularly polarized light (μ
–
), and one with right circularly 
polarized light (μ
+
). The difference of the two spectra in the upper panel results in the 
XMCD spectrum shown in the lower panel. 
 
 
Figure 9.10: Temperature dependence of the full width at half maximum (FWHM) 
for selected powder X-ray diffraction peaks of Fe1+yTe, (a) y = 0.13 and (b) y = 0.15.  
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Figure 9.11: Representative high-pressure PXRD patterns of Fe1.12Te at 15 K with 
pressure from 0.25 GPa to 3.92 GPa (T2). Reflections shown with blue arrows can be 
indexed with face-centered cubic solid He-4 (Fm-3m). The other extra peaks 
displayed with red and green arrows could not be identified.  
 
 
 
Figure 9.12: Representative high-pressure PXRD patterns of Fe1.12Te at 40 K in the 
pressure range from 1.70 GPa to 4.92 GPa (T1). Arrows show the extra reflections 
appeared with increasing pressure. Reflections shown with blue and red arrows can be 
indexed with face-centered cubic (Fm-3m) and hexagonal closed-packed (P63/mmc) 
solid He-4, respectively. [185–187] 
 
 Chapter 9: Appendix 
 _____________________________________________________________________  
146 
 
 
Figure 9.13 : (a) PXRD pattern of powdered Fe1.05Te0.70Se0.30 single crystal in 
comparison with polycrystalline sample which has a similar Te:Se ratio 
(Fe0.98Te0.70Se0.30). (b) Magnetic susceptibility as a function of temperature for 
Fe1.05Te0.70Se0.30 single crystal in a magnetic field of 2 mT. Inset shows the images of 
crystal before powdered. 
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List of Symbols and Abbreviations 
List of Symbols 
Tc  : Critical temperature 
h  :  Anion height 
TN  :  Néel temperature 
P  :  Pressure 
χ  :  Magnetic susceptibility 
M  :  Magnetization 
H  :  Magnetic field 
ρ  :  Electrical resistivity 
Cp  :  Specific heat at constant pressure 
ΔHR
0
  : Reaction enthalpy 
ΔGR
0
  : Free enthalpy 
ρxy  :  Hall resistivity 
Jc  :  Critical current 
Hc2  :  Upper critical field 
θD  :  Debye temperature 
μeff  :  Effective magnetic moment 
μB  :  Bohr magneton 
μ0  :  Permeability of free space (vacuum)  
kB  :  Boltzmann constant 
Φ0  :  Flux quantum 
ξ  :  Coherence length  
List of Abbreviations 
at. %  :  Atomic percentage 
wt. %  :  Weight percentage 
LTS  :  Low-temperature superconductors 
HTS  :  High-temperature superconductors 
PXRD  :  Powder X-ray diffraction 
HT-PXRD :  High-temperature powder X-ray diffraction 
LT-PXRD :  Low-temperature powder X-ray diffraction 
HP-PXRD :  High-pressure powder X-ray diffraction 
EDXS  :  Energy-dispersive X-ray spectroscopy   
WDXS :  Wavelength-dispersive X-ray spectroscopy 
SEM  :   Scanning electron microscope 
BSE :  Backscattering electron 
SE  :  Secondary electron 
SAED  :  Selected area electron diffraction 
FIB  :  Focused-ion beam 
TEM  :  Transmission electron microscopy 
ICP-OES :  Inductively-coupled plasma optical-emission spectroscopy 
CVT  :  Chemical vapor transport 
DSC  :  Differential scanning calorimetry  
DTA/TG :  Differential thermal analysis/thermogravimetry 
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PPMS  :  Physical property measurement system 
MPMS :  Magnetic property measurement system 
ZFC  :  Zero-field cooling 
FC  :  Field cooling 
AC  :  Alternative current 
DC  :  Direct current 
RRR  :  Residual resistivity ratio 
MR  :  Magnetoresistance
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